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Abstract
The research in this dissertation focuses on the design of a novel redox-responsive
host system that has the ability to encapsulate guest molecules. The host at hand is a
tri(ethylene oxide), TEO, pyrrole-terminated PPI dendrimer that possesses watersolubility as a result of the presence of the TEO chains on the pyrrole groups and redoxresponsive activity from the pyrrole groups after their oligomerization. The pyrrole
moieties at the periphery of the dendrimer exhibit the ability to be oligomerized by
oxidation chemistry, and this is shown to aid in the retention and egress of guest
molecules located within the dendrimer interior. These studies were followed by Visible
spectroscopy, in which various solvents and oxidizing agents were employed for the
oligomerization of the pyrrole end groups.
The synthesis of this dendrimer system employed many reaction types, including
but not limited to, bromination, SN2, deprotection and protection, and coupling reactions.
Three substitution of the pyrrole moiety with the TEO chain was necessary to allow the
2- and 5-positions to remain available for oligomerization. Three new three-substituted
pyrrole molecules were synthesized in this work, along with 4 new pyrrole-modified PPI
dendrimers, referred to as TPDx.
Characterization of these TPD host systems consisted of light scattering studies of
their aqueous and non-aqueous solutions, encapsulation/release of a hydrophobic guest
by TPDx monitored with Vis and fluorescence spectroscopies, and TPDx oligomerization
followed with UV-Vis-NIR and FT-IR spectroscopies.
The light scattering studies revealed aggregation of the host molecules, which was
dependent on many variables, including solvent system, TPDx concentration, and

xviii

temperature. The ability of the pyrrole moieties on the dendrimer to remain redox-active
was clearly demonstrated. The TPDx were treated with different oxidizing agents in
various solvent systems, and as a result they were able to form intramolecular
oligo(pyrrole) units around the periphery of the dendrimer.
The TPDs also have the ability to trap guest molecules, namely Nile Red, in
aqueous media within their interior regions through static and dynamic trapping
mechanisms.

The trapping of guests within the TPDs was determined to be time

dependent and largely a function of the steric constraints at the periphery of the TPDs.

xix

Chapter 1
Introduction
1.1

Research Goals and Aims
The goal of this research was to synthesize and characterize a water-soluble,

stimuli-responsive host system with the ability to control encapsulation and release of
guest molecules, see Figure 1.1. The ability to control incarceration of molecules inside a
host has been highlighted for potential use in drug delivery applications. One vehicle that
has been used for entrapment of molecules is a poly(propylene imine), PPI, dendrimer.
This dendrimer is a highly branched macromolecule, and it has exhibited the ability to
retain guest molecules that penetrate the interior locations of the PPI host.

Guest molecules
trapped inside host

Guest molecules
released by stimulating

Figure 1.1 Representation of encapsulation and release process of host/guest system.
The first focus of the research presented here was the peripheral modification of
this PPI dendrimer. The vision to control incarceration of guest molecules was to design
a controllable periphery that could be manipulated by some stimuli in order to regulate
the containment/egress of the guests. The stimuli-responsive molecule that will allow
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this type of control is a pyrrole moiety. Pyrrole has the ability to be oligomerized
through oxidation and reduction techniques.

This redox-active, oligomeric pyrrole

species possesses two distinct conformations, which is seen to be the controlling entity
for our PPI dendrimer host system. A rigid, planar oligo(pyrrole) species is formed upon
oxidation of the oligo(pyrrole)-terminated dendrimer allowing for the capture of guest
molecules, while the reduced species has freedom of rotation that is seen to enhance
egress of the guest molecules. To provide this modified dendrimer with water-solubility
properties, a tri(ethylene oxide), TEO, group was used to first modify the pyrrole with
this product, then used to functionalize the PPI dendrimer periphery to yield TEO-pyrrole
modified PPI dendrimer.
Characterization of this host has been extensive. Light scattering, LS, has been
employed to determine the size of the modified dendrimers in aqueous and organic
environments. LS has revealed monomeric-sized material but aggregation of these hosts
is also apparent. The aggregation of the TEO-pyrrole modified PPI dendrimers, TPD, has
been shown to greatly depend upon solvent system, temperature, and time.
Oligomerization of the pyrrole end groups with various oxidizing agents has also
been studied. UV-Visible and infrared spectroscopies have been utilized to study the
effects, if any, the solvent system and oxidizing agent have on the oligo(pyrrole)
formation and monomer repeat length.
This work also focused on the dynamic and static trapping of guest molecules
contained by the modified poly(propylene imine) dendrimer host. Dynamic trapping of
the guest Nile Red proved to be a time-dependent process. The partitioning of the guest
molecules into the host was extremely slow, which is possibly due to the sterically

2

hindering periphery that blocks access to the interior of the dendrimer. Static trapping
studies were also performed in which the pyrrole end groups were oligomerized to
determine the release profile of guests from fluorescence spectroscopic studies.
Successful modification of the PPI dendrimer periphery with a TEO-pyrrole
moiety has proven successful. The water-soluble host molecule has also been shown to
possess redox-active properties.

The TPD host has also confirmed its ability to

incarcerate guests within its interior locations.
1.2

Motivation

1.2.1

Stimuli-Responsive Capture and Release Systems
Encapsulation of molecules has been receiving a considerable amount of attention

in the chemistry and biology worlds of late. A vehicle that would trap and release
molecules holds many uses for both disciplines. Some uses include drug delivery,1
catalytic applications,2-4 and analyte preconcentration.5

Currently, there are many

different types of vehicles being researched as possible host systems, including
capsules,6,7 micelles,8,9 vesicles,10-12 and dendrimers.13-17

Each of these stimuli-

responsive systems uses various techniques to control the trapping process, which
includes but is not limited to pH,12,18,19 redox,6,8,11 light,20,21 or temperature.22
Capsules are one of the types of host systems that are being widely studied as
entrapment vehicles. Okahata6 and Lvov7 are just two of the groups working on capsules
for molecule entrapment. Okahata6 synthesized a microcapsule of synthetic polymers
with an aqueous core and demonstrated capture of guests through redox reactions. Lvov7
has produced a multilayer capsule composed of polyions, which possesses pH-responsive

3

hosting abilities. Both of the above microcapsule systems allow molecules into and out
of the capsule by controlling its permeability, see Figure 1.2.6,7

Figure 1.2 Controlled release of guests through
permeability of diblock copolymer capsules.6
Reference: http://www.okahata-lab.bio.titech.ac.jp/
A reversible, stimuli-responsive micelle-based host system was developed in 1985
by Saji8 that exhibited control of the egress of guests by manipulation of the redox state
of

the

surfactant

monomer.

The

micelles

were

composed

of

(ferrocenylmethyl)dodecyldimethylammonium bromide (I+) monomers. The ferrocene
moiety of the head group is responsible for the molecule possessing redox properties. By
testing the system with a hydrophobic guest, 1-(o-tolylazo)naphthalene-2-ol or TAN, that
is sparingly soluble in water, the controlled formation of the micelle by manipulation of
redox properties was demonstrated. The TAN was solubilized in the I+ micelles, but
when the ferrocene groups were oxidized (I2+), the micelle was disrupted
(CMC is higher for I2+) causing precipitation of the TAN due to its limited solubility in
water. Reversibility of the micelle-based host system was shown by regenerating the I+
micelle through reduction of I2+ by hydroquinone, which yields the micelle based on I+
and causes the TAN to again be solubilized.8 Figure 1.3 shows the formation and
collapse of the stimuli-responsive, micelle-based host using the ferrocene moiety.
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Figure 1.3 Representation of the reversible, stimuli-responsive, micelle-based host
system with ferrocene moiety head groups. Adapted from Ref. 8.

Further work utilizing the ferrocene moiety for redox-switchable systems was
demonstrated by Medina.11 In this work, ferrocene derivatives formed vesicles after
oxidization of the ferrocene sites. The vesicles were disrupted by reducing the ferrocene
moieties back to their neutral state, which caused the collapse of the spherical
structures.11 The ferrocene-based micelles and vesicles are attractive vehicles for guest
molecules due to their ability to form ordered structures that can be collapsed through
redox properties.
A recently described vehicle designed for capture/release of molecules is that of
shell cross-linked knedel (SCK) polymer micelles, where the extent of crosslinking
dictates chemical composition and physical constraints that control the properties of these
“nanocages”. The hydrophilic exterior polymeric nanocages have the ability to expand
and shrink by responding to changes in pH, giving them encapsulation/release properties.
The SCK core can have hydrophilic or hydrophobic properties giving them the ability to
trap a multitude of various guest molecules. The purpose of these nanocages is for use as
a controlled drug delivery system.9
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Also being studied as vehicles for guest molecules are vesicles with both, pH and
ionic strength, stimuli-responsive properties. The stimuli-responsive vesicles synthesized
by Chécot10 are composed of “polypeptide-based diblock copolymers” that are watersoluble. By changing the ionic strength or pH of the surrounding medium, the diblock
copolymer physical sizes can be controlled.

This system also has potential for

encapsulation/release abilities.10
Very recently, a report on water-soluble polypeptide diblock copolymer vesicles
were made and outlined their synthesis as well as their capability of forming reversible
hosting systems that operate based on the pH conditions at the time of micelle
formation.12 These pH-responsive “schizophrenic” vesicles are the first of their kind to
have the ability to self-assemble into two different types of vesicles depending on the pH
of the aqueous solution. These molecules are forecast to one day have the ability to host
drugs that can be reversibly released with a simple change in pH. At higher pH, the
vesicles that form have a larger hydrodynamic radius than the vesicles that are created at
lower pH. Due to the larger size vesicles formed at higher pH, these conditions are best
for the encapsulation process, while the release can be accomplished by the shrinking of
the core at lower pH. 12
The above-mentioned systems are only a few of those being studied for the
entrapment and/or release of guest molecules. It can be seen that encapsulation/release of
molecules is a very important area in chemistry where research should continue in order
to develop ideal host systems for a wide variety of applications. Research on these host
molecules is important especially for drug delivery applications.

Most drugs are

hydrophobic molecules and many of these drugs do not even make it to the market due to
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their inability to be delivered to the body. By employing drug delivery systems, the drug
can be delivered to the body without such problems as lack of tissue specificity or blood
solubility.23 Host systems are also important for the delivery of drugs that can potentially
harm surrounding good tissue, such as drugs for cancer treatment.24
Dendrimers are a unique class of macromolecules being investigated for their
encapsulation properties. Many groups are doing work on the functionalization of the
periphery of various dendrimers in order to improve the effectiveness of the
encapsulation process. Modifying the periphery of the dendrimer causes steric crowding,
which in turn hinders guest release. Some of the moieties used to functionalize the
periphery so as to effect guest entrapment are urea,14 oligoethyleneoxy,15,16 ferrocene,17
and quaternary ammonium.3,19 In addition to periphery modifications of dendrimers,
imprinting of the interior of specially designed dendrimers is being studied. These
imprinted dendrimers are selective for binding of specific guest molecules. This system
has its limitations, which includes lengthy synthesis steps and large dilution volumes as
well as being geared more toward molecular recognition.13
From the literature, it is clear that there is no one type of host system for
incarceration of molecules. The hosts being used have many different characteristics and
abilities, the one thing they do have in common is their ability to serve as a vehicle for
guests. The host system proposed in this dissertation has the ability to encapsulate and
release guest molecules and is unique in the sense that this trapping can be performed in
an aqueous media, since the host possesses water-solubility properties.

Also, the

modified host in this research has redox properties to aid in the trapping and release of
guests.
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1.2.2

Dendrimers as Hosts
Dendrimers are the area of interest for the work presented here. The research at

hand was to synthesize a water-soluble reversible host/guest system. To accomplish this,
a dendrimer was chosen as the host and modified at the periphery of the dendrimer to
generate water-solubility and stimuli-responsiveness.
Dendrimers are highly branched, globular macromolecules that were first
introduced in 1978 by Vögtle.17 Dendrimers are globular macromolecules composed of
branches emanating from a central core.

In 1982, theoretical studies on dendrimer

interactions with guest molecules were reported by Maciejewski.25 He envisioned the
core of the dendrimer as a potential host for guest molecules. But it was not until a few
years later in 1985 that dendrimers were at the forefront of chemistry and were
showcased as possible incarceration devices for molecules. Most notably during this time
period is simultaneous work by Newkome26 and Tomalia27 demonstrating the synthesis of
such dendrimer molecules. Since that time, a variety of dendrimers have been developed,
different molecules have been attached to the periphery of the dendrimer, and different
uses of dendrimers have been discussed and employed particularly those involving
hosting.
There are many types of dendrimers, but this work utilizes the poly(propylene
imine), PPI, dendrimers with a diaminobutane (DAB) core, also denoted as DAB-Amx or
PPIx, where x refers to the number of terminal (peripheral) amine groups, see Figure 1.4.
The PPIx dendrimer was chosen for many reasons, including their commercial
availability, their defined internal hosting locations (cavities),25 and their very reactive
(functionalizable) amine end-groups.
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Figure 1.4 Generation 4 and 5 unmodified poly(propylene imine) dendrimers. The
interior is composed of tertiary amine regions and the exterior of reactive primary
amine end groups.

Theoretical studies28 of the PPI dendrimers have led to predictions of interesting
characteristics for the molecule depending on the pH and salt concentrations of the
aqueous environment. At low pH and low salt concentration, the interior tertiary amine
groups are protonated leading to a repulsion of charges. This charge repulsion results in
what is considered an “extended conformation” of the PPI dendrimer. At high pH and
high salt concentration, the tertiary amines are no longer protonated causing a collapse of
the dendrimer onto itself, see Figure 1.5.28 The work described in this dissertation will
show for the first time (Chapter 4 and 6), through light scattering and encapsulation
studies, that this theory of pH size dependence can be observed with a modified PPI
dendrimer.
There are two routes through which dendrimers can be synthesized, namely
convergent and divergent methods. The PPIx dendrimers are synthesized by the divergent
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method, which was the first method to be utilized in the formation of dendrimer
macromolecules. In the divergent approach, individual branches are attached to a core or
initiator until the number of branches desired is obtained. Each time branches are added,
the number of end groups doubles, leading to the use of the term dendrimer generation.29
The PPIx dendrimers are commercially available in 5 generations. These generations are
1, 2, 3, 4, and 5, corresponding to x = 4, 8, 16, 32, and 64 terminal groups, respectively.

Low [Salt]

High [Salt]

[Salt]
pH

Extended
Conformation

Collapsed
Conformation

Figure 1.5 Theortical modeling of PPI dendrimer demonstrates the pH and salt
dependence on the structure of the dendrimer. Protonation of the interior
regions results in an expanded conformation, while a neutral species forms a
more collapsed arrangement.28
In addition to the divergent approach, dendrimers may be synthesized by addition
of functionalized branches to a focal point; Frechét introduced this convergent approach
to dendrimer synthesis. The convergent synthesis route formed more monodispersed
dendrimers than the divergent approach due to fewer side reactions and more control over
their end-reactive groups.30
Each of the two methods for synthesizing dendrimers has its own disadvantage:
the divergent approach leads to dendrimers with more defects and the convergent
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approach can only be used to make dendrimers of a limited generation size.29
Dendrimers made using the divergent approach have more defects in their structure than
those made by the convergent method. Those made divergently with defects have similar
structures to those containing no defects making separation of these by-products difficult,
but a method has been developed for PPI dendrimers.31,32

The dendrimers made

convergently with defects can be separated from the defect-free dendrimer without
difficulty by using gel permeation chromatography (GPC) because the defects are merely
small branch molecules. The only drawback of using the convergent method is the
limitation of forming higher generation dendrimers.

When trying to attach the

functionalized branches to the core, steric crowding becomes a problem, which limits the
number of end groups.29
The core of dendrimers prepared by either route can host guests by two trapping
mechanisms, namely, static and dynamic trapping. Dynamic trapping is the ability of the
guest to partition into or out of the dendrimer relatively unhindered.33,34 This trapping
technique relies on an equilibrium mechanism, so it is required that an outside source of
guests be available to aid in the retention of guest molecules inside the dendrimer core,
Figure 1.6.
Meijer succeeded in incarcerating an anionic fluorescent dye, Rose Bengal, in a
bulky amino acid-terminated DAB-Am64 dendrimer in non-aqueous solvent.35 By adding
carboxylic acid bulky amino acids at the dendrimer periphery, the guests were
irreversibly contained in the dendrimer, an event which is known as static trapping.
Release was eventually achieved, although harsh acidic conditions for extended periods
of time at elevated temperature (12 h, 12 M HCl, 100ºC) were necessary.35 Meijer’s
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work was a true beginning for dendrimers as a host system, but ideally, the guest
molecules should be of any desired charge (he relied upon acid-base interactions between
host and guest) and able to be encapsulated/released under milder circumstances and the
host should be water soluble (his was soluble in dichloromethane, DCM).

X
= Guest

Dynamic
Trapping

Static
Trapping

= Host

Figure 1.6 Cartoon depicting the relatively unhindered guests in the dynamic trapping
technique, while the static trapping technique permanently contains the guests inside
the host.33,34

Tucker36 has made contributions to the understanding of the PPI dendrimers and
their cavities as possible host locations. In that work, the solvatochromic probe Phenol
Blue was used to explore the dendrimer interior through dynamic trapping. This dye
shows a shift in its visible absorption band to shorter wavelengths when the polarity of
the environment decreases.

UV-Vis and fluorescence studies showed a shift to a

nonpolar environment when the PPI hosts (with the exception of the smaller generation
PPI4 dendrimer) were added to the aqueous Phenol Blue solutions. The PPI2,3 dendrimer
does not have interior cavities for hosting guests. Tucker was able to draw conclusions
about the location of the guest molecules. It was observed that the dye was associated in
the branches and in the interior cavity of the dendrimer, not at its surface amine groups.
Another observation was the fluorescence quenching effect produced by the larger
generation 5 PPI dendrimer.

This is believed to be due to the close proximity of the

guests sequestered inside the cavities and the tertiary amine interior groups.36 This
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fluorescence quenching has also been noted for when encapsulating pyrene, another
polarity index probe.37
Recent work38 has investigated the use of low-generation PPI dendrimers (2 and
3) for specific targeting of the epidermal growth factor receptor (EGFR) through potential
cellular delivery of antisense oligonucleotide (ODN). EGFR is the key factor of brain,
liver, and breast tumor development. The tertiary amines making up the PPI dendrimer
interior are ideal nucleic acid binding sites due to their ability to be protonated. Both
generations 2 and 3 were successful at causing a decrease in EGFR in cancer cells by
delivery of the ODN. The lower generation-2 PPI host was less toxic than generation-3
PPI, but both PPI dendrimer generations exhibited reduced toxicity compared to
previously used lipid based systems.38
In order to control the entrapment/release of guests by static trapping, stimuliresponsive molecules are being used to modify dendrimers.21,22 Vögtle, who was one of
the first to use a stimuli-responsive moiety in such a direction, synthesized a dendrimer
terminated with azobenzenes.

Azobenzene was chosen for its ability to switch

conformations when subjected to light. Eosin dye was used as the guest molecule. When
stimulated by light, the azobenzene-terminated dendrimer (cis form) was able to better
retain eosin dye inside the core of the dendrimer than when not irradiated (trans form).21
Another stimuli-responsive moiety that has been attached to the periphery of PPI
dendrimers is poly(N-isopropylacrylamide), a polymer that undergoes a discontinuous
phase transition as a result of temperature change .22 In that study, cobalt(II) porphyrins
were used as guest molecules.22 The encapsulation was controlled by temperature due to
the fact that the poly(N-isopropylacrylamide) is a temperature-sensitive molecule.22
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Although promising host devices, these two stimuli-responsive host systems have yet to
be shown to possess controlled egress of the guest molecules entrapped; and light- and
temperature-stimulated molecules are not universally suitable for use in biological or
analytical systems.
1.3

Pyrrole-Terminated Dendrimers
The host system described in this dissertation was also modified with a stimuli-

responsive molecule to form a chemically-reversible molecule. Pyrrole was chosen for
its ability to be oligomerized through chemical39 or electrochemical40 routes, and it is this
oligomeric form that is anticipated to have the ability to be used as redox-responsive
moieties at the periphery of PPI dendrimers. Oligo(pyrroles) respond to chemical redox
stimuli, which will provide the ability to control the incarceration and egress of guest
molecules. The cationic, planar structure of the quinoidal oligo(pyrrole) species,41 when
placed at the dendrimer periphery, is foreseen to aid in the encapsulation process
allowing static trapping of the guest inside of the dendrimer core to be achieved. The
conformationally-controllable periphery of the dendrimer can then be reduced to form
neutral oligomer units that, due to the increased freedom of rotation around the alpha
positions of the pyrrole, will allow the release of the guest molecules. We believe that
the ability of the oligo(pyrroles) to form two distinct conformations through electrontransfer reactions will provide the PPI dendrimers with reversible hosting properties.
Pyrroles are oligomerized through their 2-and 5-positions and once oligomerized,
the oligo(pyrroles) can be oxidized or reduced to yield structures with different
conformations, which were predicted to allow for the ability to control incarceration and
egress of guest molecules. In order to form the oligo(pyrroles), pyrrole monomer is
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oxidized to yield a radical cation, which in turn couples with another radical cation to
form bonds between the pyrroles at the 2- and 5-positions. This process is repeated and
leads to trimers, tetramers, and other oligomer lengths. Once formed, the oligo(pyrroles)
can be oxidized and reduced, resulting in two distinct conformations as seen in Figure
1.7.
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Figure 1.7 Schematic of pyrrole oligomer formation and the structural changes
incurred during the oxidation and reduction steps.
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In the planar conformation, the charge is delocalized over ~4 monomer groups;
this is also referred to as the quinoidal state.41 In the cationic, planar conformation, if
such a material were at the periphery of a dendrimer, it would be a steric hindrance to
guest molecules, thereby enabling the trapping of guest molecules in the dendrimer.
Upon being reduced, the monomer groups in the oligo(pyrroles) are no longer planar and
anti with respect to each other, leading to a more flexible (neutral) structure. This
reduced structure has more freedom of rotation around the single bond between the α, α΄
positions that will allow for the release of guest molecules. In Figure 1.8 is shown the
overall principle behind the entrapment process using the modified pyrrole dendrimer.

Statically Trapped
Guest Molecule

Dynamically Trapped
Guest Molecule

Oxidization

Released Guest Molecules

Reduction

Free Guest

Pyrrole-Terminated Dendrimer
(PTD)

Positive Oligomerized PTD
(POPTD)

Neutral Oligomerized PTD
(NOPTD)

Figure 1.8 Representation of the oligomerizable pyrrole groups surrounding the
dendrimer periphery and the trapping process of guest molecules during the
reduction/oxidation of the oligo(pyrroles).

1.4

Oligo(pyrrole)
In previous work, pyrrole-terminated dendrimers were synthesized, namely DAB-

(Py)32 and DAB-(Py)64, Figure 1.9.42

Fluorescence spectroscopy studies of the

encapsulation/release of the guest Nile Red were carried out with the monomeric,
cationic/planar oligomeric, and neutral oligomeric forms of the DAB-(Py)32 host. This
16
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Figure 1.9 Generation 4 pyrrole-terminated PPI
dendrimer, DAB-(Py)32.

the research at hand was to build upon this system by adding a hydrophilic moiety to help
with the solubility issues. However, significant modification of the pyrrole monomer had
to first be accomplished.
To obtain a more highly water-soluble, pyrrole-terminated dendrimer, it was
decided to place a water-soluble chain at the beta-position of the pyrrole. Modification
of pyrroles at the beta-position can be difficult to obtain, so there is limited literature on
such molecules. Here, we report three new 3-substiuted pyrrole molecules. In order to
produce 3-substituted pyrroles, a protecting group on the nitrogen was needed in order to
impose steric hindrance around the alpha-positions of the pyrrole, where oligomerization
will take place. This protection is essential due to the favored substitution at the 2- and 5positions of the pyrrole.41 The TEO chain has been previously placed at the 3-position of
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pyrrole using a tosyl protecting group at the N-position.43,44

We chose to use a

tri(isopropyl)silyl protecting group at the N-position, because previous molecular
modeling and experimental studies have shown it to be a bulky enough protecting group
to substantially hinder electrophilic attack at the alpha positions, and it is easily
deprotected with fluoride.45,46
Synthesis of the newly modified pyrrole dendrimer proved successful after a
lengthy synthesis route.

Varying synthesis steps were performed including but not

limited to halogenation, halogen-metal exchange, SN2, and water-sensitive reactions. The
most difficult step proved to be the termination of the pyrrole with the ethylene glycol
chain due to the highly hygroscopic nature of the glycol chain and the highly watersensitive nature of the reaction.
1.5

Ethylene Glycol
Poly(ethylene glycol), PEG, is a known water-soluble polymer chain that consists

of repeating ethylene glycol units
between two hydroxyl end-groups,
H-(OCH2HC2)x-OH.47,48

Figure 1.10.
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the hydroxyl group.48 A shorter chain derivative of this well-know MPEG polymer was
chosen, tri(ethylene glycol) monomethyl ether, TEG, as a substituent for pyrrole
modification to be used in our research. Throughout this paper this chain will be referred
to as TEO, tri(ethylene oxide), once substitution to the pyrrole has occurred.
The water solubility of the tri(ethylene oxide) chains is the result of hydrogen
bonding between the oxygen atoms in the chain and hydrogen in water.49 The attraction
to this polymer was its non-toxic, water-solubility properties that allow this molecule to
be used in conjunction with biological systems without changing the integrity of the
system.48
1.5.1 Ethylene Glycol-Modified Dendrimer Systems
Previous work on TEO peripheral modification of PPI dendrimers has been
reported by others15,16,50 in recent years. Each of these papers reported monomeric size
material obtained from either small angle X-ray scattering, SAXS, or dynamic light
scattering, DLS, studies. Malveau50 reported the hydrodynamic radius of various endgroup, specifically TEO and amine terminated, modified PPI dendrimers in varying
solvent systems using diffusion-ordered NMR spectroscopy. The hydrodynamic radius
obtained for each of these materials in water demonstrated a definite increase in size with
increasing generation with only monomeric material being observed. NMR relaxation
studies performed on the PPI(TEO)x showed that the TEO end-groups were at the
periphery of the dendrimer in aqueous solutions, due to the free rotation experienced for
the TEO chains.50
Baars15 and Pan16 also developed PPI dendrimers with oligo(ethylene oxide),
OEO, peripheries, which measured monomeric size dendrimers, and they reported
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encapsulation of guest molecules within the hosts. Baars15 work focused on the synthesis
of an OEO-benzoyl terminated PPI dendrimer that incarcerated xanthene dyes within its
interior regions. SAXS studies revealed a diameter of 5.1-5.7 nm for this modified fifthgeneration dendrimer in various media, an observation which is consistent with the
dendrimer being in its extended conformation.15

Pan16 instead modified the PPI

dendrimer with a combination of TEO and alkyl chains.

This host was able to

encapsulate Reichardt’s Dye in aqueous media to show a nonpolar microenvironment for
the probe. DLS studies in THF and methanol yielded hydrodynamic diameters of 4.8 nm
and 3.5 nm, respectively, for the PPI32 modified dendrimers TEO/alkyl-PPI. The host
had an extended conformation in the more nonpolar solvent.16 From these studies, it can
be concluded that the conformation of the PPI host is dependent on the solvent system
and end-group substituents.
1.5.2 Tri(ethylene oxide) Effects on Tri(ethylene oxide)pyrrole-terminated PPI
Dendrimers
It is believed that the TEO group has some influence on the formation of
aggregates in solution for the modified TPDs reported in this document. The TPD hosts
investigated in this work aggregated to varying degrees depending upon solvent system
and generation, as observed in light scattering studies.

In organic media, the light

scattering studies pointed to the hosts being monomeric structures (no aggregates) for the
higher generation dendrimers, generations 4 and 5. The generation 5 TPD in aqueous
media experienced aggregation at high concentrations and temperatures; all generations
of the TPDs formed aggregates in aqueous solutions. This aggregation behavior was not
just confined to the pyrrole-containing hosts. A TEO-PPI32 dendrimer (without the
pyrrole moieties) was also synthesized and showed similar aggregation behavior as the
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TPD hosts. Also measured with light scattering was the TEO-pyrrole monomer before
attachment to the dendrimer. This molecule too showed aggregate formation in aqueous
solutions. It is believed that this molecule forms micellar-like formations. Tensiometry
measurements provided further support of this hypothesis when surface activity as
demonstrated for TEO-pyrrole in water and a critical micelle concentration, CMC, was
measured to be ~4.4 mM.
1.5.3 Micelle Formation Observed for Pyrrole and PEG-Containing Molecules
Micelle formation has been reported for pyrrole51-53 and PEG54,55 containing
molecules. C60-end-capped PEO molecules have been studied to determine aggregation
effects.54 Two molecules were used in this study; the first was a PEO chain with one C60
end group and the other a PEO chain terminated with two C60 end groups.54 These
molecules form micelle structures in aqueous media through the hydrophobic C60 groups
making up the core and the PEO chains forming the shell. Solvent, PEO chain length,
and amount of hydrophobic moiety all effect the aggregation of these molecules.
Micelle-like aggregates are formed easier in the presence of longer PEO chains giving the
molecule the ability to associate through intermolecular and intramolecular interactions.
The short chain PEOs are noted as consisting of large aggregates surrounded with smaller
clusters; definite micelle structures are not formed. Finally, the double-end-capped PEO
chains formed smaller aggregates due to rigidity of the molecule decreasing its ability to
associate freely in solution compared to the single-end-capped PEO polymer that had
more flexibility.54
Other work55 has also demonstrated micelle formation of a pyrene-PEO molecule.
This molecule formed micelles at low concentrations in water, but at higher
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concentrations aggregates were formed instead. The pyrene moiety is responsible for the
core formation of the micelle, while the PEO chains assemble around the core. The PEO
chains are believed to be in a collapsed conformation to shield the hydrophobic core from
the surrounding water environment.55
Pyrrole-containing surfactant molecules have also exhibited micelle formation.
Collard52 demonstrated electrochemical polymerization of three pyrrole compounds.
Each contained a potassium sulfonate group at the N-position of the pyrrole; two of these
also contained 3-alkyl groups with varying length chains. The potassium 3-(3-alklpyrrol1-yl)propanesulfonate with the shorter alkyl chain (C12H25) formed micelles in aqueous
solution, while the longer alkyl chain pyrrole molecule was only slightly soluble in
aqueous solution so no CMC was obtained. The 3-unsubstituted pyrrole moiety was
freely soluble in solution and could only be polymerized at high concentrations. In
contrast, the shorter alkyl chain pyrrole moiety exhibits polymer formation at very low
concentrations, which is believed to be an effect of the micelle formation that allows the
pyrrole moieties to be in close proximity to one another. The molecules are brought into
close proximity to one another through this micelle formation allowing oligomerization
to occur easier at low concentrations. This molecule was also deposited in a head-tohead fashion at the electrode surface into a highly ordered film.52
1.5.4 Dependence of Ethylene Glycol Aggregation on Temperature, Solvent,
Stirring, and Filtering
PEG aggregation in aqueous solutions is not addressed in the literature except for
in a handful of articles.56,57 Zhu58 contributes solvent and temperature to PEG aggregate
formation. The PEG chain used had a number-average molecular weight of 20,000 and
was measured in water at concentrations ranging from 2.0 g/L to 16.0 g/L. It is believed
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that intersegmental cohesive interaction is responsible for polymer aggregation, which
could depend on polymer-polymer and solvent-polymer interactions.

At lower

concentrations, the interaction is repulsed due to hydration of the polymer, which is due
to the expansion of the polymer coil. Hydrogen bonding between the ether oxygens and
water molecules is suspected to be responsible for the hydration effect. Upon raising the
temperature (35ºC and 40ºC), the water media becomes a poor solvent that allows
attraction between the PEG chains themselves. The paper also describes aggregation due
to inorganic salts, specifically K2SO4. Salts are normally thought to unpack the water
molecules from the PEG coils, allowing the clustered polymer chains to separate from
one another. At high concentrations of the salt, the media was a poor solvent, and
aggregates were evident at high temperatures. The conclusion drawn was that aggregates
of PEG polymers are induced by poor solvent.58
Another article56 attributes impurities in PEO as the cause of aggregation of these
molecules in aqueous solution. In DLS studies, slow modes were exhibited from the
purchased PEO solutions in water. In methanol, the slow modes did not exist, which are
believed to be due to a hydrophobic impurity that is soluble in methanol but not or only
slightly soluble in water. After filtration of this solution, the slow modes disappeared in
water demonstrating the presence and removal of aggregated particles.56
Duval57 demonstrates through light scattering techniques, the preparation of the
PEO solutions is imperative in preventing aggregation of these molecules in aqueous
media. Clustering was induced from stirring and filtering of the solutions. The best
filters for preventing aggregation proved to be PTFE/PE/hydrophilic filters, while
cellulose ester/PVC filters caused aggregate formation. Stirring was also shown to cause
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insoluble aggregates due to the production of turbulent flow. It is believed that the
stirring breaks the polymer chains in solution, the fragments adhere to the larger polymer
chains, which results in an aggregated solution. Upon addition of salt to the polymer,
followed by stirring, no clusters were formed.57
EG derivatives, especially smaller TEO molecules, are not studied as aggregating
molecules in aqueous media because they are seen as such hydrophilic moieties and are
not believed to undergo this phenomenon. From the above contributions, it is noted that
many effects can lead to the aggregation of EG containing molecules. It is especially
noted that a good solvent system is of upmost importance to reduce clustering of the
polymer chains. The experience of the work reported in this dissertation and by the
above authors, indicates EG induced aggregation is a real occurrence that needs to be
addressed more in future studies.
1.6

Encapsulation

1.6.1 Nile Red
Nile Red is a common hydrophobic dye used to probe the microenvironment of
molecules. This phenoxazone dye is highly sensitive to changes in the polarity of its
microenvironment, which can be monitored through fluorescence or absorbance
measurements. Nile Red was employed in this research to probe the ability of the watersoluble dendrimer host to encapsulate and release guest molecules.

Nile Red is

practically insoluble in water (<10-6 µM), but it is soluble in a range of organic solvents.
Because the dendrimer host consists of a water-soluble, polar periphery with a
hydrophobic core, the dye molecules should favor partitioning into the hydrophobic
cavity of the dendrimer from the surrounding aqueous environment. A comparison can
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be made between the absorbance of the observed guest encapsulation in dendrimer to
different solvent shifts, because a strong shift in the absorbance is observed in solvents of
different polarities.

This comparison can help determine the possible position of the

guest in the dendrimer, i.e. interior amines or TEO periphery. By utilizing UV-Vis
spectroscopy, the absorption of the dye could be measured to determine successful
incarceration into the host through dynamic trapping.
Nile Red was first studied through dynamic trapping of the dye into each
generation modified dendrimer studied here. One observation was the ability of Nile Red
to penetrate further in the dendrimer cavity when the dye and dendrimer were allowed to
remain together in acetone overnight instead of only several hours (2 hours). This
difference was observed from spectral shifts of Nile Red. Absorbance measurements
were taken daily until no change in absorbance was seen, i.e. no more dye was being
encapsulated. On average this process occurred over a 5-day period, allowing it to be
concluded that the dendrimer periphery is sterically hindered, causing a slow penetration
of molecules into the cavity. The TPD64 host exhibited the ability to confine more dye
molecules within its interior locations than the TPD32, which would be expected due to
the larger interior volume of the TPD64 host. Once encapsulated, no removal of dye out
of the dendrimer was observed.
Static trapping was also performed with these host systems. In this study the
pyrrole groups at the periphery of the dendrimers were compared when in their three
different states: monomeric, oxidized, and reduced. The release profiles obtained did not
give any direct evidence to suggest that the oxidized material trapped guest molecules
any longer than the monomeric or reduced forms. The studies did however, show the
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ability of the TPD64 to retain the NR guests three times longer than the TPD32. The
encapsulation and release process is believed to be dependent on the steric bulk that
surrounds the internal locations making penetration of the voids difficult, especially for
the larger, bulkier TPD64 host. This steric crowding in turn allows a slower release of the
NR for the TPD64 host.
1.6.2 Pyrene
Pyrene is another probe that was attempted to be trapped inside the dendrimer
host. Pyrene is a well-known fluorescent probe used to determine the polarity index of a
molecular environment and has been employed in dendrimer encapsulation studies.59,60
Pyrene is very sensitive to its microenvironment, much like Nile Red. By encapsulation
pyrene, the polarity index can be calculated from the fluorescence intensity ratio of two
vibronic bands, II/IIII, and then compared to known solvent polarity indices, which allows
a determination to be made about the dendrimer microenvironment.
Pyrene encapsulation into the TPD hosts has not been successful.

Several

different methods have been attempted to incarcerate the fluorescent probe, but it has
proven a great challenge. The work in this dissertation will use the encapsulation of Nile
Red to determine polarity of the host interior, because it is also sensitive to its
microenvironment.
1.6.3 Guest Trapping with Tri(ethylene oxide)pyrrole-terminated PPI Dendrimers
The generation 4 and 5 TPD hosts have shown successful encapsulation of Nile
Red in aqueous media through dynamic and static trapping techniques.

Sample

preparation and solvent system were key influences in the trapping of the guests inside of
the host systems. The TPD hosts have the ability to trap molecules and various types of
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guests, anionic, neutral, and cationic, will be encapsulated in future studies to determine
what types of guests are best suited for trapping with this TPD host.
1.7
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Chapter 2
Materials and Methods
2.1

Chemicals
All solvents were HPLC chromatographic grade or better.

The following

chemicals were purchased from Aldrich and used as is unless stated otherwise: 1(triisopropylsilyl)

pyrrole

(95%),

N-bromosuccinimide

(99%),

tri(ethylene

glycol)monomethyl ether (95%), carbon tetrabromide (99%), triphenylphosphine (99%),
1.6 M n-butyllithium in hexanes, 1.0 M tetrabutylammounium fluoride in
tetrahydrofuran, 5-bromovaleric acid (97%), 2-methyl propene (99%), fuming sulfuric
acid,

3-bromopropionic

hydroxysuccinimide

acid

(97%),

(97%),

concentrated

hydrochloric

1,3-dicyclohexylcarbodiimide

(99%),

acid,

N-

anhydrous

tetrahydrofuran (99.9%), anhydrous dichloromethane (99.9%), deuterated chloroform
(99.9 atom %), triethylamine (99.9%), potassium carbonate (99%), 4 Å molecular sieves
1.6 mm, anhydrous sodium sulfate, Nile Red, iron (III) chloride (99.99+%), iron (II)
chloride anhydrous beads (-10 mesh), iron (III) nitrate nonahydrate (99.99+%). The Nbromosuccinimide was recrystallized from water before use. The poly(propylene imine)
dendrimers were also purchased from Aldrich and used as received.

DAB-Am8,

polypropyleneimine octaamine dendrimer, generation 2; DAB-Am16, polypropyleneimine
hexadecaamine

dendrimer,

generation

3;

DAB-Am32,

polypropyleneimine

dotriacontaamine dendrimer, generation 4; and DAB-Am64, polypropyleneimine
tetrahexacontaamine dendrimer, generation 5.

Other chemicals used were anhydrous

magnesium sulfate (Fisher, 98%), alumina 80-200 mesh (Fisher), sodium hydroxide ACS
(Fisher, 98.6%), potassium hydroxide (Fisher, 85-90%), potassium metal chunks in
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mineral oil (Acros, 98%), 32-63 mm neutral silica gel 60 with Å pore size (Alltech),
silica gel precoated thin layer chromatography aluminum sheets (Alltech). A Barnstead
water purification system was used to produce water with a resistivity of 18 MΩ cm
through via reverse osmosis, charcoal filtration, and ion exchange of distilled water.
2.2

Analysis

2.2.1

Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry
(MALDI-MS)
A Bruker ProFLEX III MALDI-MS with time-of-flight (TOF) mass analyzer and

microchannel plate detector (MCP) was used for the determination of large molecular
weight dendrimer molecules.

The instrument was used in reflectron mode for

generations 2-4 modified dendrimers with molecular weights less than 20,000 g mol-1 and
linear mode for generation 5 modified dendrimer with a molecular weight greater than
20,000 g mol-1. The energy source was a nitrogen laser operating at a wavelength of 337
nm and pulse width of 3 ns. The matrix used for each dendrimer was indoleacrylic acid
(IAA), which was prepared by forming a saturated solution in acetone. Then a target
plate was spotted with 1µL of matrix and followed by 1 µL of dilute sample. The sample
was allowed to completely dry before use.

Standards were used to calibrate the

instrument. A protein mix I was used for samples with molecular weights below 16,000
g mol-1 and protein mix II was used for samples with molecular weights above 16,000 g
mol-1.

Protein mix I consists of insulin (5734.56 m/z), ubiquitin I (8565.89 m/z),

cytochrome C (12361.10 m/z), and myoglobin (16952.55 m/z). Protein mix II consists of
trypsinogen (23982 m/z), protein A (44613 m/z), and bovine serum albumin (66431 m/z).
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2.2.2

Gas Chromatography Mass Spectrometry (GC-MS)
GC-MS analyses were performed with a Hewlett Packard Series II 5890 GC. The

GC-MS was equipped with a DB-5 J&W 5% phenyl, 95% dimethyl polysiloxane
stationary phase column. The 30-meter column had a film thickness of 0.25 µm and
inside diameter of 0.25 mm. The carrier gas used was ultra high purity helium. The GCMS was used in electron ionization mode with a Hewlett Packard 5971A Mass-Selective
Quadrupole Detector. The following conditions were used for each run (DB-5 method).
The column temperature was maintained at 40°C for the first two minutes, after which,
the temperature was ramped 20°C per minute for 14 minutes and was maintained at the
final temperature of 280°C for the remainder of the 40 minute run.
2.2.3

Electrospray Ionization Mass Spectrometry (ESI-MS)
For high-resolution electrospray ionization mass spectrometry, an Applied

Biosystems SCIEX QStar XL equipped with a quadrupole TOF-MS with ion spray
source was utilized. Each sample was measured with a mass accuracy of less than 4 parts
per million (ppm). The external standards used for calibration were caffeine (195 m/z)
and Bradykinin (a peptide, 574 m/z). When carryover was a problem, they were instead
used as internal standards to check the previously attained calibration.
2.2.4

Dynamic Light Scattering (DLS) and Static Light Scattering (SLS)
DLS and SLS were performed on a home-built system1 equipped with a

photomultiplier tube (PMT) from Electron Tubes Inc., model EMI9863A/100, and an
ALV-5000 digital autocorrelator from ALF-Langen, Germany.

Two lasers were

employed for these studies. The first laser was a He-Ne laser operating at 632.8 nm, 30
mW; and the second laser was an argon-ion laser operating at a wavelength of 514.5 nm,

34

60 mW. A circulating temperature bath was used to maintain a constant temperature of
25°C around the cell.
Normally, light scattering samples are filtered through various size pore filters
into prepared clean, dry glass vials. The filtering is to help remove any dust particles,
because they too scatter light, which may interfere with the scatterer of interest. The
vials are first submerged into a solution of KOH in ethanol for several hours, rinsed with
nanopure water, and dried. The filters were flushed with solvent of use to remove any
surfactants that could contaminant the samples. Specific sample preparation conditions
will be discussed later in Chapter 4.

Sample in glass vial
toulene
laser
sample holder
with water circulator

rotating arm to change
measurement angle

aperture
pin hole

PMT detector

output device

Figure 2.1 Diagram of LS system and its components.
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The glass sample vial is then placed into a sample holder equipped with toluene.
The refractive index of toulene, 1.494, is similar to that of glass, making it an ideal
solvent to reduce scattering from the glass vials that contain the samples. The scattered
light from the sample was detected by the PMT at a given angle, ranging from 15° to
150°, where the output, which is proportional to the scattered photon intensity, is first
sent to the amplifier discriminator and then the autocorrelator.2 The autocorrelator data is
then sent to a computer system operated with, in this case, ALV 5000 multiple-τ digitial
auto correlator software.

This information can then be used to determine the

hydrodynamic radius (Rh) and the translational diffusion coefficient (Di) of scattering
molecules.
2.2.5

Ultraviolet-Visible (UV-Vis) Spectroscopy
UV-Vis spectroscopy was performed on a Varian Cary 50 Bio UV-Vis

spectrophotometer. This instrument was equipped with a Xenon flash lamp. The scan
rate for each run was 600 nm min-1, with a scanning range varying from 200 to 1000 nm,
depending on the solvent background. Before each run, background subtraction was
performed with the solvent system of choice. Polished quartz fluorescence cells with a 1
cm path length were utilized for absorbance measurements. Kinetic (or timed) studies
were also performed on this instrument, by collecting spectra at different time intervals of
choice using the same scan rate as above. The kinetic studies allowed us to follow the
oxidation and reduction of the pyrrole moieties of the dendrimers as well as the dye
uptake release.
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2.2.6

Fluorescence Spectroscopy
A Varian Cary Eclipse Fluorescence Spectrophotometer equipped with a PMT

detector was used to perform fluorescence studies. An excitation wavelength was chosen
and emission was obtained at wavelengths of interest. The PMT was set at 600 V.
Polished quartz fluorescence cells having a 1 cm path length were used to hold the
sample.
Pyrene was one fluorescent probe of interest used for encapsulation studies.
Pyrene is commonly used to determine the polarity index of molecules from the emission
spectrum that is collected, which consists of five peaks. A ratio between two of these
peaks, II and IIII, gives the polarity index. For resolution of all five pyrene peaks, a slow
scan was utilized with a scan rate of 30 nm min-1 taken at 0.5 nm intervals. A 2.5 nm slit
width and 310 nm excitation wavelength were used to collect an emission spectrum
ranging between 315-500 nm.
A 585 nm excitation wavelength was used for the probe, Nile Red and an
emission spectrum was recorded between 595-1000 nm using 5 nm slit widths. A scan
rate of 30 nm min-1 was employed and data collected at 1 nm intervals.
2.2.7

Nuclear Magnetic Resonance Spectrometry (NMR)
NMR was performed on several Bruker instruments, including a DPX-250 MHz,

ARX-300 MHz, DPX-400 MHz, and AMX-500 MHz. Heteronuclear Single Quantum
Correlation (HSQC) Spectroscopy was performed on a Bruker ARX-300 MHz NMR
instrument.
HSQC-NMR generates a 2-D spectrum, between the 1-D proton spectrum
correlated to its 1-D carbon-13 spectrum, in order to correlate the relationships between
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proton and carbon atoms. Use of this method allows for the identification of hydrogens
attached to a given carbon.

HSQC-NMR was performed on the carboxylic acid-

terminated (9) and tert-butyl-terminated pyrrole (8) moieties. This was necessary due to
the unresolved 13C pyrrole peaks in the carbon spectrum for the acid-terminated pyrrole.
2.2.8

Fourier Transform – Infrared Spectroscopy (FT-IR)
FT-IR was performed on a Thermo Nicolet Nexus 670 Fourier Transform Infrared

Spectrometer. The mercury-cadmium-telluride, MCT, detector was cooled with liquid
nitrogen before each set of runs. A reference/blank was taken with a solvent cleaned KBr
plate before each use of the FT-IR. Each sample was spotted on a KBr plate and the
solvent evaporated. The plate was placed in the sample holder, and the system allowed to
purge with nitrogen flow for ~20 min. Sample spectra were subtracted manually via an
instant algorithm to remove CO2 and H2O interference.
2.2.9

Tensiometry
Surface tension (mN/m) measurements were performed on a Sigma 703

Tensiometer. The DuNuoy Ring Method was employed to determine the surface tension
of the sample. Three milliliters of each sample were needed and placed onto a watch
glass that was sitting on top of a laboratory jack. The platinum ring was completely
submerged into the sample and the instrument zeroed. Slowly the jack was lowered until
the ring is no longer covered by the sample. As soon as the ring leaves the sample, the
surface tension measurement is recorded.

Water was used as the reference (zero

concentration). Samples were prepared as a stock solution in water from which serial
dilutions were made.
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2.3

Probes

2.3.1

Nile Red
Nile Red was chosen for its ability to be monitored through fluorescence or

absorption spectroscopy3 and for its ability to withstand various pH solution conditions
(pKa ~1) without any adverse effects.4 The photophysical behavior of Nile Red is greatly
affected by its surrounding microenvironment, the effects of which can be observed in
absorption spectra.4,5 When the dye is in a more hydrophobic solvent such as hexane, it
exhibits an absorption near 500 nm, while in hydrophilic media such as water, the
absorption maximum is found at 600 nm. The absorption maximum falls somewhere
between these two values for semi-polar solvents. The sensitivity of Nile Red to its
microenvironment allowed determinations to be made on whether the dye was
encapsulated inside the dendrimers or not. This hydrophobic dye, which is only slightly
soluble in water (<10-6 M) should prefer partitioning into the interior region of the
modified dendrimer instead of remaining in the surrounding aqueous media in which the
encapsulation is to take place due to the more hydrophobic nature of the host, an
environment the dye would desire.
The low solubility of Nile Red in water led to the measurement of the molar
extinction coefficient in organic media, which is acceptable for the value should remain
consistent between solvent systems. The calculated value for the molar absorptivity
coefficient of Nile Red in acetone was 36,900 M-1 cm-1; this value is in close agreement
to the reported literature value of 38,000 M-1cm-1.6 The molar absorptivity value allowed
for the ability to determine the number of Nile Red molecules encapsulated within a
given dendrimer species.
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Nile Red is a common hydrophobic dye used to probe the microenvironment of
molecules and molecular assemblies. The sensitivity of Nile Red to fluorescence can be
attributed to the molecules ability to undergo two processes: an intramolecular charge
transfer (ICT) or a twisted intramolecular charge transfer (TICT),7-9 which depend upon
the microenvironment polarity of the dye. This process is strongly affected by electron
withdrawing and accepting groups on a given
TICT chromophore. The structure of Nile Red

N

O

O

consists of an electron withdrawing group (the
N

aromatics), and an electron accepting group (the
diethylamine)

whose

orientation

influences

excited states, Figure 2.2.

Figure 2.2. Structure of the
hydrophobic dye, Nile Red.

Normally, a nonpolar, planar state is formed first through electronic excitation,
which then leads to the intramolecular transfer of an electron between the donor and
acceptor; the amine is conjugated to the ring structure. This transfer causes a twist in the
bond between the donor and acceptor, (amine rotated 90º) leading them to a
perpendicular conformation that is due to a polar environment. The less polar ICT
process results in a highly fluorescent molecule due to the higher energy excited state
exhibited by the planar structure than for the TICT structure that displays less
fluorescence.7,8
The ICT/TICT process for Nile Red is very sensitive to the polarity of the
medium, leading to the λmax being a function of solvent.7-9 Sackett demonstrated this
large emission difference by comparing Nile Red in varying solvents, ranging from water
to acetone to dioxane.10 When Nile Red resides in water, a 687 nm emission spectrum is
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recorded, while in dioxane, the band appears at 587 nm when excited at 550 nm.10 This
large emission difference explains the interest for using Nile Red as an encapsulation
molecule.
Specific sample preparation will be discussed in Chapter 6.
2.3.2

Pyrene
Pyrene is another fluorescent probe that is sensitive to its surrounding

microenvironment

polarity,

Figure

2.3.

Fluorescence

spectroscopy is used to monitor pyrene. The pyrene excitation
spectrum exhibits a profile consisting of five peaks.

The

intensity ratio of peaks I and III are used to calculate the
polarity index, IIII/II.11,12 II is the forbidden transition So(v=0)
← S1(v=0) , IIII is an allowed transition So(v=1) ← S1(v=0).
The intensity of the forbidden II transition increases in the
presence of a more polar species while the allowed transition,

Figure 2.3 Structure
of the fluorescent
probe, Pyrene.

IIII, is relatively unchanged.11
Once this polarity index is calculated, it can be compared to known polarity
indices of solvents in pyrene. A determination on the nature of the interior locations of
the dendrimer can be estimated from this ratio.
2.4

Theory

2.4.1

Light Scattering Theory
Light scattering techniques are often times used to determine the radius of

gyration (Rg) or hydrodynamic radius (Rh) of molecules in solution and have become very
useful for macromolecule and colloid characterization.13,14

41

Light scattering is the

absorption or scattering of light through the interaction of a molecule and electromagnetic
radiation.13 There are two classes of light scattering, dynamic light scattering and static
light scattering.
Static light scattering, or Rayleigh scattering, is the measure at some angle of
scattered light intensity to the incident beam. Molecules interact with an oscillating
electric field causing electrons in the molecule also to oscillate at the frequency of the
incident beam, which in turn generates an induced dipole parallel to the electric field and
is a source of electromagnetic radiation.

The molecule emits this radiation in all

directions, but most of the scattered light is at the same wavelength as the incident beam,
causing zero energy difference, hence Rayleigh scattering. The remaining scattered
radiation scattered at a shorter wavelength than the incident beam is measured. From
these measurements we can determine the radius of gyration or molecular mass.13
Dynamic light scattering has many different aliases, such as photon correlation
spectroscopy (PCS) and quasi-elastic scattering (QELS), to name a few. DLS is a
measure of scattered light intensity fluctuations; specifically, it is defined as the measure
and correlation of the number of photons striking a detector at random intervals of time.15
The scattered light intensity fluctuations are associated with Brownian motion of the
molecules in solution, the molecules rate of diffusion into and out of the line of detection
(volume, (sin θ)-1 ), allowing the diffusion coefficient to be calculated through the use of
Equation 2.1.
Equation 2.1

D =

Γ
q2

Here Γ is the decay rate (ms) and q is the scattering vector (cm-1) as found in Equation
2.2.13
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Equation 2.2

 4πn   θ 
 sin 
q= 
 λ   2

In this equation, n is the refractive index, λ is the operating laser wavelength (nm), and θ
is the scattering angle (degrees). Finally, the hydrodynamic radius can be calculated from
the Stokes-Einstein equation, see Equation 2.3, where kB is Boltzmann’s constant (m2 kg
(s2)-1 K-1), T is the temperature (Kelvin), η is the solvent viscosity (kg m-1 s-1), and D is
the diffusion coefficient (m2 s-1).13 The Stokes-Einstein equation can also be arranged to
determine the translational diffusion coefficient. It is stated that for spherical molecules,
the Stokes-Einstein equation exhibits a relationship between the radius of a molecule and
the translational diffusion coefficient at infinite dilution, which allows a rapid
determination of the radius from the diffusion coefficient measurement obtained from
DLS.
Equation 2.3
2.4.2

rh =

kBT
6πηD

Theory and Practice of Infrared Spectroscopy of Oligo- and Poly(pyrroles)
IR was used in this work to confirm the formation of pyrrole oligomers around the

modified dendrimer periphery and to estimate an approximate monomer repeat length.
There is little information on the IR spectra of 3-substituted pyrroles, which in turn limits,
if not hinders the discussion on the properties of these molecules and their
polymer/oligomer derivatives. The conclusions drawn in this dissertation on the IR of
oligomerized 3-substituted pyrrole modified dendrimers (TPDs) are based on the
literature of poly(pyrrole), poly(N-substituted pyrroles), and some poly(β-substituted
pyrroles), Figure 2.4. Even with the research performed on the structure and monomer
repeat length, poly(pyrrole) is still not well understood.
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Figure 2.4. Structures of (I) pyrrole, (II) N-substituted pyrrole, (III) 2-substituted
pyrrole, and (IV) 3-substituted pyrrole. R is an organic substituent.

A significant contribution by Zerbi16 allows for the estimation of oligo(pyrrole)
monomer repeat length by analysis of their vibrational spectra. In that work, several
different oligo(pyrrole) monomer repeat lengths, consisting of 3, 5, 7, or 20 pyrrole units,
were synthesized and their corresponding IR spectra recorded. The length was correlated
with the ratio of band positions and intensities associated with transitions for end (tail)
groups, T, and backbone, B, groups of the oligomers.16 The overall conclusion from that
study was that the intensity of the T bands decreases and the intensity of the B bands
increases with increasing monomer units in the polymer chain, see Figure 2.5.
The T and B bands are associated with the beta C-H in- and out-of-plane
deformations of poly(pyrrole), which are located around 1100-1000 cm-1 and 800-700
cm-1, respectively. Zerbi16 demonstrated that the T band is apparent for small monomer
repeat length chains, which was 2, 3, and 7, in that work. The B band is also present for
the smaller monomer repeat lengths, but neither band really dominates the spectrum
except with the 7-mer, it becomes noticeable that the monomer repeats are getting
greater. For the longer chain poly(pyrrole), 20-mer repeat, in this work, the T band is
nearly nonexistent and the B band has started to really dominate the spectrum. The same

44

phenomenon exists for the in-plane deformation, the intensity of the B band dominates
the spectrum until a shoulder or no peak can be seen for the T band at longer monomer
repeat lengths.16
In the monomeric pyrrole species, only a broad peak for the T mode centered at
~1050 cm-1 is present due to the lack of a polymeric chain backbone. The presence of a
doublet formation ~1110 cm-1 after oxidation of the pyrrole indicates the T band is still
present and a new transition exists that belongs to the B mode, which allows the
conclusion to be drawn that oligomers have formed. The still present T band indicates
only small oligomers have formed, i.e. dimers, trimers, tetramers and so on. The end

b. Py7

a. Py3

c. Poly(pyrrole)
Figure 2.5
IR spectra
demonstrating the difference
in T- and B- band transitions
for the in- and out-of-plane
CH vibrations for various
pyrrole monomer repeat
lengths: a. pyrrole trimer,
Py3; b. pyrrole 7-mer, Py7; c.
poly(pyrrole).16
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group transition, T, will normally be nonexistent for larger oligomers, like the 20-mer
mentioned above, or polymers.
Another spectroscopic characteristic of oligomeric pyrroles is a distinct, broad,
intense absorption that begins in the near-IR region and goes to 1600 cm-1. This large
absorption in the near-IR region can be detected with UV-Vis also as a large increase in
the absorption intensity. This has been attributed to an absorption band for the free
charge carriers of the poly(pyrrole) backbone.17-19 This free charge carrier band for
highly oxidized poly(pyrrole) species is often times so intense that the C-H vibrations at
~2900 cm-1 can not be resolved.18

This strong IR absorption is observed in

unsubstituted20 and substituted, including 3-substituted,18,21 oligo- and poly(pyrrole)
spectra.
Constantini21 has reported on the IR of electrochemically polymerized 3-alkyl
pyrroles with varying dopants and varying length side chains (alkyl groups). That work
elaborates on the IR modes of poly(pyrroles) with different counterions.21

The

counterions did not seem to affect the IR modes substantially and will not be discussed
here as it is not pertinent to the work in this dissertation. They were able to determine
ring modes, bending modes, and chain modes through deuteration of the polymer. Ring
modes were established as 1536 cm-1, 1496 cm-1, 1455 cm-1, 1435 cm-1, 1270 cm-1, 952
cm-1, and 895 cm-1 due to their ability to be unaffected by the deuterated species. That
work also reported on the backbone modes. These modes, which are due to the backbone
of the 3-substituted polymer, are as follows: (1) bipolaron and polaron skeletal stretching
at 1530 cm-1 and 1500 cm-1 respectively; (2) ring breathing at 1260 cm-1 and 1200 cm-1;
(3) in-plane C-H at 1100 cm-1 and 1020 cm-1, and N-H bending at 1130 cm-1; (4) ring
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bending at 950 cm-1. See Figure 2.6 for a schematic of the ring bending and ring
breathing modes.22
Sigmund18 has also studied the IR of polymerized 3-alkyl pyrroles with varying
alkyl chain lengths. The polymers were films synthesized by the Langmuir-Blodgett
technique. This paper did not give detailed IR positions except to say that a small
amount of pyrrole units had been oxidized as evident from the 1730 cm-1 band and they
too mentioned the strong IR absorption due to the free charge carrier, as mentioned
above. The polymers in this paper were not highly oxidized, which is apparent from the
still visible peaks ~2600 cm-1. As mentioned earlier, the C-H vibrations in this region are
not visible for a highly oxidized poly(pyrrole) species due to the free charge carrier. No
other bands were discussed.

N

N

N

N

N

I

II

III

IV

V

Figure 2.6 Pyrrole vibrational modes: (I-IV) ring bending and (V) ring breathing.
Adapted from Ref. 22.
2.4.3

Theory of UV-Vis Spectroscopy on Oligo- and Poly(pyrroles)

As stated above, the literature available on beta-substituted oligo(pyrroles) is
limited and this is true for absorption spectroscopy studies of these types of molecules.
Poly(pyrroles) are conjugated systems that exhibit a π-π* transition, which is responsible
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for the absorption spectra of these molecules. It has been shown that this transition
energy is directly affected by the conjugation length of the polymer.23
Meijer24 reported on the optical properties of phenyl-capped pyrrole and
thiophene oligomers of varying monomer units, i.e. 1, 2, or 3 pyrroles (or thiophenes).
His work showed that the energy of the π-π* transition decreases (shifts to higher
wavelengths) with increasing monomer units. This shift is anticipated from the increase
in π-conjugation.24,25
Monomeric 3-alkyl pyrroles exhibit an absorption band centered near 235 nm, but
their corresponding polymers exhibit much different optical responses.

Sigmund18

reported a large absorption between 200-800 nm composed of a strong peak at 400 nm,
and a low intensity broad peak at 600-800 nm. It was also stated that the length of the
alkyl substituent had no effect on the spectra for each of the 3-substituted pyrrole
polymers studied - 3-hexadecylpyrrole, 3-hexadeconylpyrrole, and 3-decylpyrrole.18
This paper contradicts earlier work reported by Havainga.26
Havainga’s work in this area was on the electropolymerization of 3-alkyl pyrroles
with varying length chains in the beta position, i.e. 3, 4, and 6 carbons terminated with a
sulfonate group. Each of the absorption spectra for the three different polymers exhibited
slight differences in their λmax but the spectra had the same overall shape. At low
energies, the polymers with the shorter alkyl chains displayed a broader spectral peak.
Doping/dedoping effects of these polymers were also discussed. The dedoping of the
polymer showed a definite spectral change with the almost flattening of the bands with a
blue shift of the existing peaks.

They discuss a slight difference in these spectra

compared to unsubstituted poly(pyrroles).
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This difference is believed to be due to

different polaron (radical cation/anion) configurations, which may be the response of a
less planar conformation of the conjugated 3-substituted pyrrole polymers.26
The lack of research in the area of 3-substituted pyrrole polymerization has made
the assignment of peaks and oligomer length difficult in this dissertation. From the
information gathered, an attempt has been made to determine an approximate oligomer
length by identification of the IR and UV peak shifts. The majority of papers available
for the 3-substituted pyrrole polymers are electrochemically polymerized21,27-33 and do
not discuss IR or UV of these compounds. Even more limited is the polymerization of
these molecules through chemical oxidation, which is the method of choice in this
document. This area of polymer research has just began and will continue to expand over
the next few years with the need for more suitable, soluble conducting polymers, which
the β-substituted pyrroles can deliver.26
2.5
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Chapter 3
Synthesis of 3-substituted Pyrroles and Tri(ethylene oxide)pyrrole-terminated PPI
Dendrimers (TPDs)
3.1

Introduction
Here, we report the modification of the PPI dendrimers with modified pyrrole

monomers. This pyrrole modification is necessary to enhance the trapping abilities of the
dendrimer leading to a reversible host system as discussed earlier. PPI dendrimers were
initially chosen for this work due to their reactive periphery, defined hosting locations
(cavities), and commercial availability. Although, these dendrimers are commercially
available, they can be produced through repetitive double Michael addition of
acrylonitrile to primary amine end-groups from a 1,4-diaminobutane core.1

PPI

dendrimers are terminated with primary amine end-groups, producing a highly reactive
periphery for easy conversion, see Figure 3.1. This reactive end-group moiety allows for
numerous types of functional groups to be attached to the dendrimer usually through
simple coupling reactions.2,3 By modifying the PPI dendrimer end groups, the hosting
abilities of the molecule can be greatly enhanced.
On the other hand, the 3-substitution of pyrroles is not so easily achieved, which
is the reason there are so few literature articles addressing the synthesis of this class of
compounds.

Here, we also report the synthesis of three new 3-substituted pyrrole

compounds. First, modification of pyrrole with tri(ethylene oxide), TEO, was necessary
to provide good water-solubility. Three-substitution of pyrrole with the TEO chain was
necessary in order to allow future oligomerization of pyrrole at the 2- and 5-positions as
discussed in Chapter 1.4 To produce the 3-substituted pyrroles, a protecting group on the
nitrogen was needed in order to impose steric hindrance around the alpha-positions of the
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pyrrole. This protection is essential due to the favored substitution at the 2- and 5positions of the pyrrole. It has previously been reported that without a bulky protecting
group, substitution reactions will dominate at the alpha-position of the pyrrole.5-7
The TEO chain has been previously placed at the 3-position of pyrrole using a
tosyl protecting group at the N-position.8,9 We chose to use a triisopropylsilyl, TIPS,
protecting group at the N-position, because previous molecular modeling5 and
experimental studies have shown it to be a bulky enough protecting group to substantially
hinder electrophilic attack at the alpha positions, thereby limiting the amount of αsubstituted impurity, and it is easily removed with fluoride.6,10 Due to its hygroscopic
nature, the TEO chain posed some obstacles to overcome during the reaction sequences
as many were highly water-sensitive reactions.
3.2

Synthesis Discussion
Three substitution of the silylated pyrrole was achieved in a similar manner as

Bray5 but with some modification of steps, due to the nature of the water-soluble TEO
group. First the TEO chain (1) was brominated through the alcohol end group to form 1bromo-3,6,9-trioxaundecane
O

O

HO

O

Scheme 3.1.11

(2),

Bromination of N-

1
carbon tetrabromide
triphenylphosphine

(triisopropylsilyl)pyrrole

dichloromethane

(3)

was

performed at the beta position (<10%

O

O

Br

O

α, >90% β), after which a halogen-

2

metal exchange reaction was executed
Scheme 3.1
Synthesis route for the
bromination
of
tri(ethylene
glycol)
monomethyl ether to produce product 2.
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to

produce

the

lithiated

pyrrole

species.12 An SN2 reaction was then

carried out with the lithiated species using the previously synthesized electrophilic 1bromo-3,6,9-trioxaundecane (2)11
(triisopropylsilyl)pyrrole 6.

substrate to generate 3-(3,6,9-trioxadecanyl)-N-

Desilyation with tetra-n-butyl ammonium fluoride was

confirmed to be a gentle deprotecting agent to generate 3-(3,6,9-trioxadecanyl) pyrrole
7.12
+

Br
N
Si

N
Si

N-bromosuccinimide
THF
-78oC

- Li
N
Si

n-butyllithium
THF
-78oC

5

4

3

O
Br(CH2CH2O)3CH3 (2)
THF

N
Si

3

O
tetra-n-butylammonium fluoride
THF

3

N
H
7

6

Scheme 3.2 Schematic representation for the synthesis of 3-substituted TEO-pyrrole.
After deprotection of 6, addition of a dendrimer linker to the 3-substituted pyrrole
was required. The linker used was an 5-bromo-n-pentanoic acid, which needed to be
protected with a tert-butyl group.13 Potassium metal was used to generate the pyrrole
anion species, the latter which underwent an SN2 reaction with the protected bromo linker
chain to yield 8.

Removal of the tert-butyl group was achieved with potassium

hydroxide, leading to the carboxylic acid 9 (Scheme 3.3).12 Before successful removal of
this tert-butyl protecting group was achieved, alternate routes were adopted.14,15 First, the
most often used deprotecting agent for tert-butyl-protected carboxylic acids was chosen,
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namely trifluoroacetic acid (TFA).14 After TFA proved to be too harsh a reagent for use
with the 3-substituted pyrrole, zinc bromide15 was investigated for the deprotection. It
too did not perform as desired, no indication of deprotection, and both routes were
abandoned. The KOH deprotection path is slow but causes no destruction, i.e. oxidation,
of the pyrrole species. A coupling agent was utilized to form the N-hydroxysuccinimide
pyrrole ester 10 as an intermediate, followed by its direct attachment to the amineterminated dendrimer to yield the modified dendrimers 11a-d.
O

2N KOH

THF

3

N

ethanol:water

O

O

O

HO

9

8

O
O

3

7

N

Ko, Br(CH2)4CO2C(CH3)3

O

3

3

N
NHS, DCC, PPI

dialysis

N

acetone
O
O

N

O

O

HN

n

PPI
dendrimer

10

n = 8, 16, 32, 64
11a-d

Scheme 3.3 Synthesis route for the modification of TEO-pyrrole-terminated PPI
dendrimer.
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In Figure 3.1 is shown the representative structure of one of the desired products,
which is a fifth-generation PPI dendrimer terminated with the water-soluble TEO chains
emanating from the beta-position of the pyrrole and is denoted as TPD64.
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Figure 3.1 Model drawing of TPD64. The green portion of the drawing is presented
to accentuate the possible internal cavity afforded by the PPI interior.
3.2.1

Synthesis of 3-(3,6,9-trioxadecanyl)-N-(triisopropylsilyl)pyrrole (2)
A flamed, purged RBF with stir bar and equipped with septa was used to hold

1.48 mmol 3-bromo-1-(triisopropylsilyl)pyrrole and anhydrous THF under an argon
atmosphere. This solution was cooled to –78 °C with an acetone/dry ice slush bath.
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After 30 minutes, n-butyllithium (0.93 mL of a 1.6 M solution, 1.48 mmol) was
cannulated into the RBF. The RBF was left in the slush bath for 15 minutes and then
3.34 mmol 1-bromo-3,6,9-trioxaundecane in THF were cannulated into the system. After
another 15 minutes, the RBF was allowed to warm to room temperature, and then the
reaction was quenched with a few milliliters of water. Diethyl ether was placed into a
separatory funnel, and the solution from the RBF was added to it. The funnel was
carefully shaken, and the organic layer was extracted. Diethyl ether was used to wash the
reaction mixture three times. The organic layers were dried over magnesium sulfate,
filtered,

and

rotary

evaporated

to

yield

3-(3,6,9-trioxadecanyl)-N-

(triisopropylsilyl)pyrrole. GC-MS was used to show the presence of the product. A
gradient elution of 10% to 40% ethyl acetate in hexanes was used for column
chromatography to isolate the product, 53%. 1H NMR (500 MHz) in CDCl3 1.07 (18H,
d, (CH(CH3)2)3), 1.42(3H, m, Si(CH)3), 2.79(2H, t, Py-CH2), 3.38(3H, s, OCH3),
3.57(2H, m, Py-CH2CH2O), 3.68(8H, m, (OCH2CH2)2OCH3), 6.16(1H, s, H-4), 6.57(1H,
s, H-5), 6.68(1H, s, H-2).

13

C NMR in CDCl3 11.54(C(CHCH3)3, 17.79((CH(CH3)2)3,

27.45(Py-CH2), 58.88(OCH3), 69.95(Py-CH2CH2OCH2), 70.41(Py-CH2CH2OCH2CH2),
70.55(OCH2CH2OCH3), 71.90(CH2OCH3), 72.54(Py-CH2CH2), 110.8(C-4), 121.5(C-2),
121.8(C-3), 123.8(C-5).

ESI-HRMS (ion spray) m/z calculated for C20H40NO3Si

[M+H]+ = 370.2777 and [M+Na]+ = 392.2597. Found 370.2776 [M+H]+, 0.4 ppm and
392.291 [M+Na]+, 1.5 ppm.
3.2.2

Synthesis of 3-(3,6,9-trioxadecanyl)-N-(tert-butyl-pentanoate)pyrrole (4)
A flamed, purged 3-neck RBF was equipped with stirbar and anhydrous THF.

While purging heavily with argon, a septum was removed and cut pieces of K° metal
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were added to the RBF. The septum was returned to the flask with continued stirring and
purging. The flask was placed in an ice bath (0 °C) to cool before adding the pyrrole
species. The 3-(3,6,9-trioxoundecane)pyrrole was placed in a flamed RBF and then high
vacuumed overnight to ensure complete dryness. To the pyrrole species was added a few
milliliters of anhydrous THF. After the reaction vessel was cooled, the pyrrole species
and THF were slowly cannulated into the RBF. Once all of the reactants were in the
flask, it was removed from the ice bath and the reaction left to reflux overnight.
After refluxing ~24 hours, the heat was removed and the reaction vessel was
allowed to reach room temperature. The pyrrole anion species was cannulated into a new
flamed RBF (due to excess K° remaining in the starting flask). The new reaction vessel
with condenser was submerged into an ice bath and allowed to cool. After cooling, 1tert-butyl-5-bromovalerate was cannulated slowly into the RBF.

The ice bath was

removed and reaction again refluxed overnight.
After refluxing overnight, the heat was removed and the reaction vessel was
allowed to reach room temperature. The solvent was removed by rotary evaporation,
allowing the by-product, KBr, to fall out of solution. The remaining products were
centrifuged in order to remove very fine particulates that formed. Decanting and rotary
evaporation followed. High vacuum was performed overnight to completely remove any
remaining solvent. Flash chromatography was carried out with a silica gel column using
a gradient elution of 40% to 75% ethyl acetate in hexanes to give the pure product, 3(3,6,9-trioxadecanyl)-N-(tert-butyl-pentanoate)pyrrole, 35%. 1H NMR (500 MHz) in
CDCl3 1.43(9H, s, C(CH3)3), 1.57(2H, m, CH2CH2COO), 1.76(2H, m, CH2(CH2)2COO),
2.21(2H, t, CH2COO), 2.77(2H, t, H-3-CH2), 3.38(3H, s, OCH3), 3.60(10H, t,
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CH2(OCH2CH2)2OCH3), 3.83(2H, t, NCH2), 5.98(1H, s, H-4), 6.47(1H, s, H-5), 6.53(1H,
s,

13

H-2).

C

NMR

in

CDCl3

22.88(CH2CH2COO),

28.15(Py-CH2CH2O),

28.67(OC(CH3)3), 31.49(N-CH2CH2), 35.50(CH2COO), 49.70(N-CH2), 59.61(OCH3),
70.62(Py-CH2CH2OCH2),
72.53(CH2OCH3),

71.10(Py-CH2CH2OCH2CH2),

73.24(Py-CH2CH2),

120.6(C-5), 120.8(C-2), 173.2(COO).

80.81(OC(CH3)3),

71.21(OCH2CH2OCH3),
108.9(C-4),

119.1(C-3),

ESI-HRMS (ion spray) m/z calculated for

C20H36NO5 [M+H]+ = 370.2593 and [M+Na]+ = 392.2413. Found 370.2587 [M+H]+,
1.75 ppm and 392.2400 [M+Na]+, 3.3 ppm.
3.2.3

Synthesis of δ-(3-(3,6,9-trioxadecanyl)-N-pyrrolyl)pentanoic Acid (5)
A degassed 2 M potassium hydroxide in 5 to 1 ethanol/water solution was

prepared for the tert-butyl deprotection of 3-(3,6,9-trioxadecanyl)-N-(tert-butylpentanoate)pyrrole. A 6.5 molar excess of the 2 M KOH solution was cannulated into the
purged RBF containing the pyrrole species to be deprotected. The reaction was left to stir
for ~48 hours. Then a 1 M HCl solution was used to lower the pH below 5.0. The
solution was washed with chloroform three times and the organic layers combined. The
solvent was removed by rotary evaporation followed by high vacuum overnight. Flash
chromatography, on a silica gel column using a mobile phase of 40% to 60% ethyl
acetate in hexanes, was performed to isolate the desired product in 32% yield. 1H NMR
(500 MHz) in CDCl3

1.61(2H, m, CH2CH2COO), 1.79(2H, m, CH2(CH2)2COO),

2.35(2H, t, CH2COO), 2.76(2H, t, H-3-CH2), 3.38(3H, s, OCH3), 3.60(10H, t,
CH2(OCH2CH2)2OCH3), 3.83(2H, t, NCH2), 5.98(1H, s, H-4), 6.47(1H, s, H-5), 6.53(1H,
s, H-2).

13

C NMR in CDCl3 22.07(CH2CH2COO), 27.69(Py-CH2CH2O), 30.94(N-

CH2CH2), 33.56(CH2COO), 49.26(N-CH2), 59.13(OCH3), 70.16(Py-CH2CH2OCH2),
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70.60(Py-CH2CH2OCH2CH2), 70.75(OCH2CH2OCH3), 72.07(CH2OCH3), 72.77(PyCH2CH2), 108.5(C-4), 118.6(C-3), 120.4(C-2, C-5), 178.7(COO).

ESI-HRMS (ion

spray) m/z calculated for C16H28NO5 [M+H]+ = 314.1967 and [M+Na]+ = 336.1787.
Found 314.1960 [M+H]+, 2.3 ppm and 336.1778 [M+Na]+, 2.8 ppm.
3.2.4

Synthesis of Dendrimers TPD8-64 (7a-d)
A RBF equipped with stirbar and septa was prepared with the above mentioned δ-

(3-(3,6,9-trioxadecanyl)-N-pyrrolyl)pentanoic acid and acetone. Each of the following
reagents were weighed into individual vials and acetone added to dissolve each of NHS,
DCC, Et3N, and PPI dendrimer. After which, each reactant was cannulated into the
prepared RBF. Once the reaction was allowed to stir for 48 hours, the solvent was
removed by rotary evaporation. Cold acetonitrile was added to the product and washed
with hexanes 3 times to remove the by-product dicyclohexylurea, DCU. The acetonitrile
layer was kept and solvent removed. If DCU is still present, the layer was centrifuged
and the supernant kept. Dialysis was performed in a 50% acetone/50% water solution.
Spectra/Por dialysis bags from Spectrum Laboratories were used for isolation.

For

generations 2 and 3 dendrimers, a molecular weight cutoff of 1000 g/mol was used for
the isolation of these compounds. Generations 4 and 5 were isolated with dialysis bags of
6-8000 g/mol molecular weight cutoff. The dialysate was changed 5-8 times during the
process. After dialysis, the solvent was again removed by rotary evaporation and high
vacuum. All modified dendrimers were thick yellow oils.
TPD8 (9a)

1

H NMR (250 MHz) in CDCl3 1.60(44H, br m, CH2CH2COO, NCH2CH2),

1.71(16H, m, CH2(CH2)2COO), 2.14(16H, t, CH2COO), 2.41(36H, br s, NCH2),
2.72(16H, t, H-3-CH2), 3.19(16H, s, NHCH2), 3.37(24H, s, OCH3), 3.63(80H, m,
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CH2(OCH2CH2)2OCH3), 3.80(16H, t, Py-NCH2), 5.95(8H, s, H-4), 6.44(8H, s, H-5),
13

6.50(8H, s, H-2), 6.99(8, br s, NH).
27.50(Py-CH2CH2O),

C NMR (500 MHz) in CDCl3 22.96(CH2CH2CO),

31.02(Py-N-CH2CH2),

35.70(CH2CO),

49.15(Py-N-CH2),

51.16(NCH2), 58.94(OCH3), 69.94(Py-CH2CH2OCH2), 70.43(Py-CH2CH2OCH2CH2),
70.53(OCH2CH2OCH3), 71.86(CH2OCH3), 72.55(Py-CH2CH2), 108.2(C-4), 118.4(C-3),
120.0(C-5), 120.2(C-2).

MALDI-TOF-MS (IAA matrix) m/z calculated for

C168H296N22O32 3136.28. Found 3135 [M+H]

+

and 3157 [M+Na]+.

Complete

O

3

modification was observed for the generation 2 dendrimer with a yield of 21% .
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Figure 3.2 Structure of the generation 2 modified dendrimer, TPD8.
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Figure 3.3 a. NMR spectrum of TPD8 in CDCl3. b. MALDI-MS of TPD8. The
other peaks are due to the fragmentation of the TEO chain from the instrument.
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TPD16 (9b) 1H NMR (500 MHz) in CDCl3 1.60(92H, br m, CH2CH2COO, NCH2CH2),
1.73(32H, m, CH2(CH2)2COO), 2.16(32H, t, CH2COO), 2.39(84H, br s, NCH2),
2.73(32H, t, H-3-CH2), 3.21(32H, s, NHCH2), 3.38(48H, s, OCH3), 3.52-3.65(160H, m,
CH2(OCH2CH2)2OCH3), 3.80(32H, t, Py-NCH2), 5.96(16H, s, H-4), 6.44(16H, s, H-5),
13

C NMR (500 MHz) in CDCl3 22.56(CH2CH2CO), 27.50(Py-

6.5(16H, s, H-2).

CH2CH2O), 31.04(Py-N-CH2CH2), 35.68(CH2CO), 49.15(Py-N-CH2), 58.95(OCH3),
69.94(Py-CH2CH2OCH2),

70.42(Py-CH2CH2OCH2CH2),

70.53(OCH2CH2OCH3),

71.86(CH2OCH3), 72.56(Py-CH2CH2), 108.3(C-4), 118.4(C-3), 120.0(C-5), 120.2(C-2).
MALDI-TOF-MS (IAA matrix) m/z calculated for C344H608N46O64 6412.78. Found
6412 [M+H]+ and 6433 [M+Na]+. Complete modification was also observed for the
generation 3 dendrimer with a yield of 48%.
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Figure 3.4 Structure of the generation 3 modified dendrimer, TPD16.
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Figure 3.5 a. NMR spectrum of TPD16 in CDCl3. b. MALDI-MS of TPD16. The
other peaks are due to the fragmentation of the TEO chain from the instrument.
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1

TPD32 (9c)

H NMR (500 MHz) in CDCl3

1.59(188H, NCH2CH2, CH2CH2CO),

1.73(64H, Py-N-CH2CH2), 2.17(64H, CH2CO), 2.40(180H, NCH2), 2.72(64H, PyCH2CH2O), 3.21(64H, NHCH2), 3.37(96H, CH3), 3.54-3.63(320H, CH2(OCH2CH2)2),
13

3.79(64H, Py-N-CH2), 5.95(32H, H-4), 6.44(32H, H-5), 6.50(32H, H-2).

C NMR (500

MHz) in CDCl3 23.05(CH2CH2CO), 27.62(Py-CH2CH2O), 31.15(Py-N-CH2CH2),
35.73(CH2CO),

49.22(Py-N-CH2),

CH2CH2OCH2),

51.17(NCH2),

59.04(OCH3),

70.51(Py-CH2CH2OCH2CH2),

70.04(Py-

70.62(OCH2CH2OCH3),

71.96(CH2OCH3), 72.66(Py-CH2CH2), 108.4(C-4), 118.5(C-3), 120.0(C-5), 120.3(C-2),
173.2(3NHCO). MALDI-TOF-MS (IAA matrix) m/z calculated for C696H1232N94O128
12965.78. Found 11624 [M+H]+. From MALDI-MS data, generation 4 dendrimer is
87.5% modified with a yield of 80%.
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Figure 3.6 Structure of the generation 4 modified dendrimer, TPD32.
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Figure 3.7 a. NMR spectrum of TPD32 in CDCl3. b. MALDI-MS of TPD32.
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1

TPD64 (9d)

H NMR (500 MHZ) in CDCl3 1.59(380H, NCH2CH2, CH2CH2CO),

1.72(128H, Py-N-CH2CH2), 2.18(128H, CH2CO), 2.38(372H, NCH2), 2.72(128H, PyCH2CH2O), 3.21(128H, NHCH2), 3.37(192H, CH3), 3.54-3.63(640H, CH2(OCH2CH2)2),
3.76(128H, Py-N-CH2), 5.95(64H, H-4), 6.43(64H, H-5), 6.49(64H, H-2), 7.55(64H,
NH).

13

C NMR (500MHz) in CDCl3 23.0(64CH2CH2CO), 27.5(Py-CH2CH2O), 31.1(Py-

N-CH2CH2), 35.6(CH2CO), 49.1(Py-N-CH2), 58.9(OCH3), 69.9(Py-CH2CH2OCH2),
70.4(Py-CH2CH2OCH2CH2),

70.5(OCH2CH2OCH3),

71.9(CH2OCH3),

72.6(Py-

CH2CH2), 108.3(C-4), 118.4(C-3), 119.9(C-5), 120.2(C-2), 173.1(NHCO).

MALDI-

TOF-MS (IAA matrix) m/z calculated for C1400H2480N190O256 26071. Found 23062
[M+H]+. From MALDI-MS data, generation 5 dendrimer is 84% modified with a yield
of 76%.
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Figure 3.8 Structure of the generation 5 modified dendrimer, TPD64.
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Figure 3.9 a. NMR spectrum of TPD64 in CDCl3. b. MALDI-MS of TPD64.
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3.3

MALDI-MS and NMR Discrepancies
We have encountered slight discrepancies between the MALDI-MS and NMR

data with respect to the magnitude of derivatized end-groups.

With NMR, the

integrations of the peaks seem to indicate full modification of each dendrimer generation,
but MALDI-MS shows incomplete modification of generations 4 and 5 dendrimers. It
should be noted that MALDI-MS values were the average of a broad peak in which the
mass to charge of the fully modified dendrimer was encompassed. Without knowing the
ionization efficiency of partially modified dendrimers versus fully modified dendrimers,
we can not say without a doubt the percentage of each species present. We can say that
the ionization efficiency will be greater for partially modified dendrimers due to the
easily ionizable primary amine end-groups still available, which could impede the true
composition of the bulk material. It is also apparent from the MALDI-MS of the lower
generation dendrimers fragmentation is occurring, which could be the reason such a
broad peak is observed for the higher generation dendrimers. One assumption that can be
made from both NMR and MALDI-MS is the certainty that at least 84% or more of the
dendrimer is modified with the pyrrole moiety. It is more than likely that there is a range
(84-100%) of pyrrole-modified dendrimers due to the steric hindrance that comes in to
play for the larger generation dendrimers, TPD32 and TPD64.
3.4
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Chapter 4
Characterization and Properties of Tri(ethylene oxide)pyrrole-terminated PPI
Dendrimers (TPDs)
4.1

Introduction
Modification of the periphery of the dendrimers can extensively alter the

properties of the native dendrimer. Before encapsulation of guests could occur using the
TPDs, the TPD properties needed to be examined so as to determine the effects of
solvent, salt, temperature, and pH on the solubility and size of the host system. Literature
studies1 focusing on modeling of PPI dendrimers at low pH and low salt concentration
have concluded that the unmodified PPI dendrimers have an expanded structure due to
the charge repulsion between the protonated tertiary interior and primary amine exterior
groups, see Figure 1.6. At high pH, the tertiary amines are neutral, leading to collapse of
the dendrimer.
Experimental results for this theoretical prediction for PPI dendrimers has
previously not been reported, but this dissertation will show through light scattering (LS)
and encapsulation studies (discussed in Chapter 6), that this dendrimer size dependence
on pH can be observed and is vital when discussing the trapping of molecules with the
modified PPI hosts described here.
4.2

Light Scattering
Two different light scattering techniques were utilized to ascertain the host

particle size under various solution conditions. The two techniques were static light
scattering (SLS) and dynamic light scattering (DLS), which were discussed previously in
Chapter 2. LS studies were used to probe the effect of solution pH, temperature, solvent
composition, and salt presence on the size of the dendrimers.
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An unexpected concern that became immediately apparent was aggregation of the
TPDs in aqueous media. The initial hypothesis was that aggregation of the modified
dendrimers in water would not be a factor due to the termination of the PPI with a highly
water-soluble moiety. But our concerns were heightened when the TPDs were slow to
dissolve in water, especially at high concentrations, resulting in a turbid, viscous solution.
4.2.1 TPD64 and TPD8 in Neutral Water
The first LS study performed was on the smallest and largest generation sizes,
TPD8 and TPD64, in neutral, unbuffered 18 MΩ cm water.

The dendrimers were

dissolved in water at concentrations of 2.2 mg mL-1 (77 µM) for the largest generation
dendrimer and 2 mg mL-1 (0.7 mM) for the smallest generation dendrimer. TPD8 and
TPD64 were filtered into glass vials with PTFE filters having pore sizes of 1 µm and 0.45
µm, respectively.
SLS and DLS were compared for the TPD8 in water at 20°, 40°, 90°, and 135°
measurement angles. The Rg and Rh values obtained were very similar, 166 nm and 145
nm respectively. The presence of monomeric-sized material was not observed. The
TPD8 exhibited considerable aggregation, and this is attributed to intermolecular
interactions between the dendrimers in solution. Apparently, the dendrimers are more
attracted to each other than the solvent (water).
The TPD64 in water was measured by DLS at three angles, 60°, 90°, and 135°.
Again, aggregates were detected as with TPD8, but in this case, monomeric units were
also observed. The average aggregate radius was 64 nm, with monomers possessing an
Rh of 1.6 nm.
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Aggregate formation was surprising considering the presence of the TEO watersoluble chain on the PPI dendrimers. This chain was specifically used with the belief that
it would yield dendrimers with a high solubility in water. Due to the aggregates observed
in the LS studies, more light scattering experiments were performed under various
solution conditions. A pH 7.35 phosphate buffer was used with the belief it would aid in
breaking up the aggregates, but instead the dendrimers would not readily or complete
dissolve leading to extremely cloudy solutions. LS measurements on the TPDs were not
taken with the phosphate buffer solutions due to the visual indication of the presence of
aggregates and the failure of the host to completely dissolve in this medium over a period
of several days.
4.2.2 PPI64 in Aqueous Media
To determine the effect acid had on the TPD, it seemed appropriate to first
investigate the starting PPI64 unmodified dendrimer. A 2.2 mg mL-1 solution of PPI64
was prepared in water and filtered through a 1 µm PVDF filter. A 0.1 M HCl solution
was made and filtered through a 0.1 µm filter. Measurements were made after varying
additions of the HCl solution to the PPI64 solution.
It was found that below or equal to 0.02 M HCl concentration, aggregates were
formed along with a few small dendrimer monomers. At 1 M HCl (26 equivalents of
[H+] per amine), the dendrimer showed few to no aggregates with a dendrimer diameter
of 2.8 nm, which is consistent with literature values.2
4.2.3 TPD64 in D2O
From the previous study of TPD64 in water, aggregation was apparent. This study
on TPD64 in D2O was performed to determine the role concentration, temperature, and
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time play in the aggregation of this molecule. The D2O was used because comparison
studies were to be performed for DLS and diffusion-ordered NMR spectroscopy (DOSY
NMR). In the end, the NMR available for use at LSU was not capable of obtaining
diffusion measurements, so DOSY NMR could not be performed.
Eight samples of TPD64 were prepared in D2O with concentrations ranging from 1
µM to 35 µM. Measurements were performed at ten different temperatures spanning
from 35°C to 8°C. Approximately 1 mL of solution was placed into clean, dry glass
NMR tubes, sealed tightly with a cap, and covered with Parafilm. These solutions were
not filtered. Measurements were taken immediately following sample preparation and
again after two weeks.

Each sample was placed into a temperature bath at the

temperature of measurement and allowed to equilibrate for ~30 minutes. SLS was
performed at a 90° angle.
From Table 4.1, it is clear that the SLS intensity is dependent on the temperature.
At higher temperatures, each concentration shows a large increase in intensity, which is
indicative of large molecules, i.e. aggregate formation. As can be seen in Figure 4.1, the
intensity versus temperature profile begins to reach a plateau, when the temperature is
below 23°C.

This was not to be expected, because normally aggregate molecules

disperse at higher temperatures. Thus, dendrimer appears to have a reverse cloud point.3
Normally, glycols form agglomerated, cloudy solutions as the temperature is lowered. At
higher temperatures, the hydrogen bonding between the glycol chains is broken, but
lower temperatures enhance the hydrogen bonding between the ethylene glycol chains.
The temperature at which this aggregation occurs is known as the cloud point. The
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solutions here begin to aggregate as the temperature is raised, hence a reverse cloud
point.3
Table 4.1 SLS intensity of TPD64 in D2O at different concentrations and temperatures
immediately following sample preparation.
35 oC

32 oC

29 oC

26 oC

23 oC

20 oC

35 µM

1706

262

166

172

63

29

30 µM

1089

233

126

98

64

25 µM

819

190

87

36

20 µM

1600

241

73

15 µM

864

140

10 µM

226

5 µM
1 µM

Temperature

17 oC

14 oC

11 oC

8 oC

26

14

27

15

20

14

13

21

17
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11

11
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Figure 4.1 SLS intensity versus temperature profiles at each concentration of TPD64
in D2O after one day. The presence of smaller sized material is observed.

After two weeks, the samples were again measured at selected temperatures. At
low temperatures (<17ºC), a SLS signal was hard to acquire, leading to the conclusion
that the aggregates had dispersed completely, leaving monomeric material. From Table
4.2 and Figure 4.2, a significant decrease in the intensity profiles is observed. It can be
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seen that from 29°C and below, the intensity for each concentration is basically the same
at each temperature allowing the conclusion to be drawn that aggregate formation is also
time dependent. In addition, a large difference in intensities as a function of [TPD64] is
not observed. In Figure 4.3 is shown a comparison of the SLS intensity decrease from
day 1 to 2 weeks for the TPD64 in D2O at 29°C. Only the 29°C profile is shown because
this plot is representative of all other temperatures.

32 oC

29 oC

26 oC

23 oC

20 oC

17 oC

35 µM

111

17

16

20

15

16

30 µM

86

14

14

18

14

12

25 µM

39

12

12

12

12

13

20 µM
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11

15 µM
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8.1

7.7

8.5

7.8

7.1

10 µM
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4.8

5.9
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6.4

5 µM
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4.6

5.7
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3.4
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4.2
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Intensity

Intensity
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4
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2

0

Table 4.2 Static light
scattering studies for
TPD64 in D2O after
two weeks. The light
scattering intensities
have
decreased
considerably since the
first day of sample
preparation, pointing
to a dependence of
TPD64 aggregation on
time.
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Figure 4.2 SLS intensity versus temperature profiles at each concentration of
TPD64 in D2O after two weeks, which shows a dramatic decrease in intensity
from the first day of measurement.
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From this study, it is concluded that the dendrimer has a possible inverse cloud
point, and the TPD64 in D2O aggregates considerably in the 15-35 µM concentration
range, especially at higher temperatures. Over time, a decrease in SLS intensity for
TPD64 in D2O was observed, which lead to the conclusion that the aggregates in solution
disperse, breaking up, forming smaller aggregates and possible monomeric material.
Another possibility could be that the aggregates precipitated out of solution or adsorbed
on the glass vial. At times this adsorption to the glass is observed by the appearance of
particles adhered to the sides of the vials.
4.2.4

TEO-Pyrrole Monomer under Various Aqueous Conditions
A curiosity that arose was whether the TEO-pyrrole was the driving force behind

the aggregation phenomenon. We decided to perform light scattering on the TEO-pyrrole
monomer (7) under varying conditions. First a 10.3 mg mL-1 TEO-pyrrole in water
solution was prepared and filtered with a 0.8 µm PTFE filter. Three dilutions were
carried out in water that were filtered with a 0.1 µm filter, 6.6 mg mL-1 (2:1), 3.98 mg
mL-1 (1:1), and 2.3 mg mL-1 (1:2). Also prepared were 1 M concentrations in water of
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HCl, LiCl, and NaCl; these solutions were filtered through 0.1 µm filters. Each was
diluted 1:1 with the TEO-pyrrole solution.
DLS was performed at 90° and 135°, except with the second dilution (1:1) for
which only the 90° angle was obtained. SLS was measured at 4 angles to determine Rg;
the angles were 45°, 60°, 90°, and 135°. A very slight decrease in Rh was observed
during the water dilution study, with only large particle sizes being observed having an
Rh ranging from 77-124 nm. The monomeric TEO-pyrrole is a small molecule that in its
monomeric state should not give rise to an appreciable LS signal. Thus, the observations
above demonstrate that this molecule can and does form aggregates in water, as seen later
with tensiometry studies, Section 4.4.
The salts did not have any effect on the aggregation behavior of TEO-pyrrole. A
small increase in Rh was recorded for the LiCl and NaCl solutions compared to the HCl
solutions. In HCl, Rh was on average 90 nm, while NaCl and LiCl yielded average radii
of 124 nm and 127 nm, respectively. The Rg for SLS was in good agreement to the Rh
from DLS. From this study, it is concluded that the TEO-pyrrole monomer significantly
aggregates in water even under various salt conditions. One belief is that the monomer
may form micellar structures in water due to the hydrophobic and hydrophilic groups of
the TEO-pyrrole. Tensiometry studies will be discussed later in this chapter (Section
4.4), and they confirm this hypothesis.
4.2.5 Effects of Organic Media on Rh of the Tri(ethylene oxide)pyrrole-terminated
PPI Dendrimers
DLS studies of the TPD hosts in organic media were also carried out. The
samples were filtered with 0.25 µm PTFE filters.

Table 4.3 lists each of the four

modified-host generations in acetone, the concentrations used, and their corresponding
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hydrodynamic radii. In Table 4.3 is also displayed the comparison of TPD64 in four
various solvents and the effect solvent has on the radius. TPD64 in chloroform, acetone,
and pH 2 water give relatively the same Rh between 2.9-3.3 nm. The TPD64 host in
chloroform gave a very weak signal making LS measurements difficult. The weak signal
is believed to be due to the similar refractive index of chloroform to the host molecule.4
The TPD64 host molecule does not exhibit aggregation in organic media or low pH
aqueous media. In addition, the TPD32 host in organic solvents (acetone and chloroform)
also does not form aggregated materials. The smaller generation dendrimers, TPD8 and
TPD16, in acetone both exhibited monomeric species along with aggregates. Again, the
aggregates are believed to be due to intermolecular interactions between the dendrimers.

Table 4.3 DLS studies demonstrating the dependence of the hydrodynamic radius
of the TPDs on the solvent system and generation size.

Sample (concentration)

Rh (nm)

TPD64 at pH 2 H2O (2 mg mL-1)

3.1 - 3.3
1.3 – 1.5
59.9 – 64.4

TPD64 in H2O (2 mg mL-1)
TPD64 in chloroform (5 mg mL-1)

2.9

TPD64 in acetone (5 mg mL-1)

2.9 - 3.2

TPD32 in acetone (9 mg mL-1)

2.0 -2.1

TPD16 in acetone (2 mg mL-1)

1.3 – 1.5
48.9 – 52.9
1.1 – 1.3
64.0 – 82.1

TPD8 in acetone (2 mg mL-1)

4.2.6 TPD64 in Neutral Water versus TPD64 in Acidic Water (pH 2)
Also from Table 4.3, it can be pointed out that the size of the TPD64 depends
largely on the pH on the solvent system. As mentioned earlier, the larger generation
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dendrimer produces an extremely small Rh when placed in neutral water. This radius
changes dramatically once the pH is dropped to 2. This radius change is again believed
to be a contribution of the protonated tertiary amine sites at lower pH, which gives an
expanded conformation. Once the sites are no longer protonated, the structure collapses,
which is demonstrated by the decrease in the size of the radius. The TPD64 in water
displays a radius of ~1.4 nm, while TPD64 in pH 2 water has a radius of ~3.2 nm. The
charge repulsion exhibited from the TPD64 host in acidified water causes a dramatic
increase in the radius size, almost double the size compared to the TPD64 in neutral water.
4.3

Scanning Force Microscopy
Scanning force microscopy (SFM) in Tapping Mode was used to evaluate two of

the solutions, 2.2 mg mL-1 TPD64 in D2O and TPD64 in chloroform. Mica was cleaved
immediately before imaging samples. The TPD64 in D2O solution was spotted onto the
freshly cleaned mica and allowed to sit for 5 minutes, and then the D2O was removed by
a stream of nitrogen. The TPD64 in D2O solution formed layers with a thickness of ~4
nm and some multilayers were observed also, Figure 4.4. Monolayers and double layers
are reported to form from dendrimers due to the slow spreading of the dendrimers onto
surfaces, i.e. mica.5 LS studies with this TPD64 in D2O solution reported a radius for the
monomer of 1.6 nm. The height produced from the SFM images, ~4 nm, would indicate
a double layer formation. The TPD64 possibly forms an attraction to the dendrimer
through the EG chains causing the dendrimer to flatten out somewhat over the mica
surface.
The TPD64 in chloroform samples were prepared in two different ways. The first
was to spot the solution onto the mica and allow the CDCl3 to evaporate (< 1minute). No
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image was observed for this method of preparation. A second procedure was used in
which the solution was spotted and rinsed immediately with neat CDCl3 and blown dry
with nitrogen. This produced a very uniform image with a height maximum of 2 nm for
droplet formations, Figure 4.5. It was known from LS that the solution was free of
aggregates with only monomers being present. So, the irregular formations in Figure 4.5
are artifacts of preparing the solution on the mica surface and not from the solution itself.

Figure 4.4 SFM
images on mica of
2.2 mg mL-1 TPD64
in D2O. From the
image, multilayer
formation can be
observed with a
thickness of ~4 nm.

Figure 4.5 SFM
images of TPD64 in
CDCl3 on mica
(2.2 mg mL-1).
Multiple layers of
the TPD64 are
observed, with an
average
layer
thickness of 2.0
nm.
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4.4

Tensiometry Studies for TEO-Pyrrole, TEG, and Pyrrole
Tensiometry was employed to determine if micelle-like structures were

developing in water for the TEO-pyrrole monomer. Serial dilutions were performed from
a starting concentration of 40 mM TEO-pyrrole in neutral 18 MΩ cm water down to 0.25
mM.

Three measurements were taken at each concentration and the average with

standard deviations (error bars) are represented here, Figure 4.6.
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Figure 4.6 Tensiometry measurements of TEO-pyrrole in 18 MΩ cm water at various
concentrations. A CMC of ~4.5 mM is found by extrapolating the two linear regions
and finding the intersection point.

From the data in Figure 4.6, it is clear that the TEO-pyrrole is surface active and
micelles form. A critical micelle concentration, CMC, of 4.5 mM was found after
plotting the surface tension versus concentration profile, Figure 4.6.6
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Tensiometry studies were also performed on pyrrole and TEG, which were used
as controls. A stock solution of each sample was made in neutral 18 MΩ cm water (50
mM) and serial dilutions were prepared. Neither of these compounds revealed surface
activity, so no CMC was found. The organization of the TEO-pyrrole into micelles is
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Figure 4.7
Depiction of the TEO-pyrrole micelle formation
illustrating the interior hydrophobic head pyrrole and the other
hydrophilic TEO chain tails.
believed to stem from the molecule having a hydrophobic head (pyrrole) and hydrophilic
tail (ethylene glycols), Figure 4.7.
Pyrrole does not possess any groups that would want to form any type of
interactions, while the TEG chain is extremely soluble in water due to the –OH end
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group, allowing complete dispersion in the water medium. The –OH end group on the
TEG chain forms H-bonds very efficiently with the water molecules, but upon replacing
the –OH end group with the pyrrole moiety (to form TEO-pyrrole) the opposite is true.
The water solubility characteristics of the TEG chain is changed considerably, when
forming the TEO-pyrrole, leaving behind a molecule that would prefer to interact with
itself than the water molecules, i.e. intermolecular interactions occur.
4.5

Conclusions
From the light scattering studies, it can be concluded that the TPDs have a

preference to aggregate under various solution conditions, especially in aqueous media.
Specifically, the low-generation dendrimers, TPD8 and TPD16, are extremely sensitive to
aggregate formation in aqueous or organic media, due to intermolecular interactions that
exist between the dendrimers in solution. The larger generation dendrimers, TPD32 and
TPD64, also aggregate under certain conditions, but the presence of monomeric-sized
material is found, which allows the conclusion to be drawn that the majority of the
sample is not from aggregate formation but from individual hosts.
DLS is not an extremely sensitive technique, which means the scattering due to
aggregates in solution is more intense than the monomeric material. The scattered light
from the aggregates will dominate the detector causing the monomeric material to be
unmeasureable or measureable to a limited extent. Although the measurements may
resemble a majority of aggregates in solution, this is not necessarily the case. If both
monomeric and aggregated materials are detected in solution, then the monomeric
material is higher in abundance, because it has the ability to reveal its presence over the
highly scattering aggregates. This monomer to aggregate ratio can be determined by
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Equation 4.1, which uses the intensities (Ix) and radii (Rx) obtained from the LS Contin
fit. This equation will return the concentration (cx) ratio in g cm-3, assuming both
aggregate and monomer are spherical particles.
Equation 4.1

I1
(c1 * R13 * exp(( − qR12 ) / 5))
=
I2
(c2 * R2 3 * exp(( − qR2 2 ) / 5))

Where q is the scattering vector (cm-1) as found in Equation 4.2.7
Equation 4.2

 4πn   θ 
 sin 
q= 
 λ   2

In this equation, n is the refractive index, λ is the operating laser wavelength (nm), and θ
is the scattering angle (degrees).
Tensiometry studies revealed a CMC for the TEO-pyrrole monomer that is used
to modify the PPI dendrimer. The fact that the TEO-pyrrole is surface active may explain
the tendency for the TPD hosts to aggregate in aqueous solution. The addition of the
TEO-pyrrole moiety to the PPI dendrimers may cause the modified dendrimers to
become attracted to one another, which could cause the dendrimers to stack in some sort
of way to yield aggregates.
4.6
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Chapter 5
Pyrrole Oligomerization Studies
5.1

Introduction
Oligomerization of the pyrrole end groups was studied to ascertain if the pyrroles

on the host dendrimer did indeed retain their ability to be oligomerized and subsequently
reduced/oxidized. The host systems chosen for the oligomerization studies were the
higher generation dendrimers, TPD32 and TPD64, which have the potential ability to
accommodate a greater number of guest molecules due to their large hosting locations,
see Chapter 6. These two hosts have previously been shown from light scattering studies
to be less aggregated than the smaller generation dendrimers, TPD8 and TPD16. The
TPD32 and TPD64 hosts were both chemically oligomerized through their pyrrole end
groups. Several oxidizing agents were employed for this study along with different
solvent systems to determine the difference, if any, these conditions had on the oligomer
formation or monomer repeat number. Ideally, the oligomerization method utilizing an
aqueous-based solvent would be best for the future encapsulation process, so as to have a
more physiologically compatible host system.
Also oligomerized for control studies were the previously synthesized 3-(3,6,9trioxaundecane)pyrrole (TEO-pyrrole); TEO-PPI32 was exposed to the same oxidizing
conditions as well to act as a control.1 The TEO-PPI32 does not contain any redoxsensitive groups, i.e. pyrrole, that would oligomerize or be affected by the oxidizing
agent. By using this control dendrimer, we can determine whether the oxidizing agent
forms a complex with the tertiary amine interior groups in the dendrimer.
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The TEO-pyrrole monomer was oligomerized in order to compare its
spectroscopy results with those from the oligomerized TPDs. The TEO-pyrrole has the
ability to form longer monomer repeat lengths than the dendrimer due to the limited
ability of the dendrimer pyrrole end groups to intramolecularly interact.

UV-Vis

spectroscopy was an important tool in monitoring the redox process for the oligomerized
species via kinetic studies. FT-IR spectroscopy was also employed in this study to
ascertain successful oligomerization and to estimate monomer repeat length by
comparing this system to the previously reported work by Zerbi.2
5.2

Sample Preparation for Oligomerization of Tri(ethylene oxide)pyrroleterminated PPI Dendrimer

5.2.1

Sample Preparation for Pyrrole Oligomerization Using Iron(III) Chloride in
Nitromethane
Iron(III) chloride, FeCl3, was dissolved in nitromethane to a concentration of

0.017 M.3 Each dendrimer, TPD32, TPD64, and TEO-PPI32, was separately dissolved in
nitromethane to yield 40 µM (end-group concentrations of 1280 µM for TPD32, 1280 µM
for TEO-PPI32 and 2560 µM for TPD64) solutions. Once dissolved, 3 equivalents of
FeCl3 per dendrimer end group were used for the oligomerization oxidation process. To
reduce the oligo(pyrroles), methanol was utilized in excess.
The concentration of the TEO-pyrrole monomer was equal to the 32-pyrrole
dendrimer end-group concentration, 1280 mM.
5.2.2

Sample Preparation for Pyrrole Oligomerization Using Iron(III) Nitrate in
Aqueous Media
These solutions were prepared in much the same way as the above solutions in

organic media. The Iron(III) nitrate nonahydrate, Fe(NO3)3•9H2O, was employed as the
oxidizing agent in aqueous media.4 This oxidizing agent was used with two unbuffered
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solvent systems: neutral 18 MΩ cm water and a pH 2 HCl/water solution. The following
procedure in the following paragraph will be the preparation of samples with neutral
water. To prepare the samples using the pH 2 water, the procedure below was followed
exactly the same way only replacing the water for pH 2 water.
The Fe(NO3)3•9H2O was dissolved in water to a concentration of 0.017 M. Each
dendrimer, TPD32 and TPD64, was separately dissolved in water to form a 2.5 µM (endgroup concentrations, 80 µM TPD32 and 160 µM TPD64) solutions. Once dissolved, a
molar ratio of 3 oxidizing agents per dendrimer end group was used for the
oligomerization process. The dendrimers before oligomerization are not aggregated in
water at 2.5 µM according to light scattering studies in Chapter 4.
Attempts to prepare the samples at a 40 µM concentration in aqueous media led to
extremely cloudy (aggregated) solutions. Such conditions will not be useful for the
oligomerization of these materials due to the potential formation of intermolecularlylinked dendrimers.
5.3

Characterization of Oligomeric- Tri(ethylene oxide)pyrrole-terminated PPI
Dendrimers Prepared in Organic and Aqueous Media – UV-Vis and FT-IR
Spectroscopies Studies

5.3.1 UV-Vis Spectroscopy of Oligomeric- Tri(ethylene oxide)pyrrole-terminated
PPI Dendrimers Prepared in Organic Media
Kinetic studies were carried out on the dendrimeric hosts and control species
oxidized with FeCl3 in nitromethane to follow the oligomerization process over a period
of several days. The oxidized modified hosts were then reduced with methanol and the
absorption spectra were periodically collected for several days. The spectra could only
be scanned from 400-1000 nm due to the large absorption of the Iron(III) species and
nitromethane in the 200-400 nm regions.
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As seen in Figure 5.1a and 5.1c, the oxidized TPD32 and TPD64 species begin to
develop a transition at ~505-508 nm, with a shoulder centered about 580 nm over a
period of 5-7 days. The near-IR region does not exhibit any definite transitions to
indicate large monomer repeat units (in the oxidized state),5-7 even though a slight
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Figure 5.1 Vis-NIR spectra of TPD host oligomerization process using FeCl3
oxidant in nitromethane (oxidized species) and reduction with methanol (reduced
species): a. oxidized oligo-TPD64, b. reduced oligo-TPD64, c. oxidized oligoTPD32, and d. reduced oligo-TPD32.
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1000

increase in the absorbance intensity is observed over time in the NIR region, which
suggests an oxidized oligo(pyrrole). Upon reduction of these modified dendrimers with
methanol, a significant decrease in all of the transitions is observed over a 24-hour
period, Figure 5.1b and
5.1d.
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Figure 5.2 Vis-NIR spectra showing a. oxidation
of TPy in FeCl3 in nitromethane. Bands at higher
wavelengths are observed indicating larger
monomer repeat lengths. b. Reduction of the oligoTPy with methanol.
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time this band diminished and bands at 759 nm and 846 nm dominated the spectra. This
seems to indicate the formation of longer monomer repeat lengths with time. Upon
reduction of the oligo-TPy, the intensity of the visible bands at higher wavelengths
decrease and a transition at 542 nm is apparent. The TPy monomer has the ability to
form longer polymer chains than the dendrimer hosts due to the limited number of
pyrrole groups around the dendrimer periphery and to the limited mobility of the pyrrole
end groups to interact with one another.
The observed transitions in the absorption spectra for the oligo(pyrroles) has been
found in the literature to be attributed to polaron (radical cation) and bipolaron (dication)
formations.8 Upon formation of polarons, three transitions in the band gap can be
observed, whereas with the bipolaron only two transitions are observed in the spectrum.8
From these Vis spectroscopy studies for oligo-TPDs and oligo-TEO-pyrrole, it is
believed that the transitions
3.0

formation of bipolarons,

2.5

since

two

observed

bands
for

are
each

molecule.
Oxidation

of

the

Absorbance

are possibly due to the

2.0

intensity
decreases
slightly over
3 days

1.5
1.0
0.5
0.0

control TEO-PPI32 showed
no

real

absorption,

change
Figure

TEO-PPI32 before oxidation

400

500

in
5.3.

The absorption observed is

600

700

800

900

1000

Wavelength (nm)

Figure 5.3 Vis-NIR spectrum of TEO-PPI32
oxidized with FeCl3 in nitromethane. No obvious
change in absorption is observed.
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from the FeCl3 species. This indicates the TPDs are being oligomerized and the bands
displayed are due to this process.
5.3.2 UV-Vis Spectroscopy of Oligomeric- Tri(ethylene oxide)pyrrole-terminated
PPI Dendrimers Prepared in Aqueous Media
The UV-Vis studies for the oligomerized TPD32 and TPD64 hosts performed in
neutral or acidified (pH 2) water resulted in different absorption spectra than those for the
host in organic media. In using water as the media, a scan from 200-1000 nm could be
performed because solvent absorption interference was not an issue as before.
The monomeric TPD32 and TPD64 hosts in neutral water did not exhibit a shift in
their absorption band upon oxidation, 265 nm, and was also unchanged after reduction,
Figure 5.4 and 5.5. When the oxidation was carried out in pH 2 water, again the
absorption band was unaffected between the monomeric and oxidized species, 265 nm.
The only indication that the TPDs were being oxidized was an initial absorption intensity
increase in the baseline that would disappear in the next scan immediately following the
initial run. This occurred for both hosts in neutral and pH 2 water. But once the TPDs
were reduced with methanol in pH 2 water, a new absorption band was observed at 345
nm and another band at 259 nm, Figure 5.4 and 5.5. This shift in absorbance is believed
to indicate the reduction of the TPDs from the previously oxidized species. The λmax at
265 nm for the oligomerized species is indicative of a bipyrrole species that was reported
by Birnbaum.9 This agrees with the prediction that dimers and trimers dominate the
periphery of the modified TPDs.
To prepare the solutions for FT-IR spectroscopy, the water layer had to be
removed in order for the solutions to be suitable for use with NaCl plates. The solutions
were washed with chloroform and the chloroform layer extracted. To ensure complete
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Figure 5.5 UV-Vis spectra of the oxidized and reduced
species of TPD32 in 18 MΩ cm neutral and pH 2 water.

a conclusion to be drawn that the molecule has been modified in some way, i.e.,
oligomerized at the pyrrole end groups. All of the oligomeric-TPD hosts displayed the
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same shift in absorbance from 243 nm to 275 nm while in chloroform. Figure 5.6 is
indicative of each oligomeric-TPD species.
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Figure 5.6 UV-Vis spectra of the reduced oligomericTPD32 in chloroform after extraction.

The short wavelength absorption bands for TPD64 and TPD32 oxidized in aqueous
media, compared to the organic media, could be due to the conformation of the pyrroles
being compromised in some way due to the sterically hindered dendrimer periphery, as it
has been shown that a more collapsed structure is formed for the host in water.10 This
collapsed structure may also be the reason that an absorption change is not observed for
the different redox states of oligo(pyrroles) in water because the reduced pyrroles at the
periphery of the dendrimer are still not very flexible molecules as one would predict for
the discussion in Chapter 1. The reduced TPDs in pH 2 water are a possibly less
hindered due to the expanded conformation,10 which allows for the reduced pyrrole end
groups to display their more flexible structure, so the absorption band is slightly red
shifted.

96

5.3.3 FT-IR Spectroscopy of Oligomeric- Tri(ethylene oxide)pyrrole-terminated
PPI Dendrimers Prepared in Organic and Aqueous Media
FT-IR spectroscopy was performed on each of the oligomerized pyrroledendrimer species after the reduction process had taken place. Even after reduction, the
TPD64 host in nitromethane
shows

an

oxidized

oligomeric pyrrole species,

0.02

which is apparent from the
elevated

absorbance
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to the NIR region, Figure
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oxidized though, because
the C-H symmetric and
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Figure 5.7 FT-IR spectra (using KBr plates)
of oligo-TPD64 (oligomerized with FeCl3 in
nitromethane for 7 days) and monomericTPD64.

asymmetric stretching transitions at ~2900 cm-1 are still prominent. In a highly oxidized
oligo(pyrrole) species the C-H stretches are not present due to free charge carrier, which
shows absorption in the NIR region.5-7

The important bands associated with

oligo(pyrroles) are those of the backbone, B, bands, which are only observed for the
oligomerized pyrrole moieties and not for the monomeric pyrrole moieties or monomeric
TPDs.
Figure 5.8 shows each of the IR spectra for monomeric-TPD64 and the
oligomeric-TPD64 oxidized with either FeCl3 in nitromethane or Fe(NO3)3•9H2O in
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neutral or pH 2 water. It can be seen for the monomeric-TPD64 only T-band transitions
are present at 1107 cm-1 and 766 cm-1. It is obvious after oxidation and reduction
reactions that pyrrole oligomers have formed due to the formation of the B-bands. Both
of the oligomeric-TPD64 oxidized in aqueous media exhibit broader T-bands and a shift in
the CH in-plane deformations at 1107 cm-1 to lower wavenumbers at 1098 cm-1. The two
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Figure 5.8 FT-IR spectra (using KBr plates) of monomeric-TPD64 and oligoTPD64 after oxidation/reduction in various solvents with Fe3+ oxidizing agents.
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and intensities for the out-of-plane deformation modes of the β-CH located at 799 cm-1 in
pH 2 water and 800 cm-1 in neutral water, and the in-plane CH deformations at 1096 cm-1
(T) and 1019 cm-1 (B) in pH 2 water, and 1098 cm-1 (T) and 1019 cm-1 (B) in neutral
water. The presence of both of these bands are diagnostic of small pyrrole oligomers. In
particular, the low monomer repeat number is apparent from the in-plane deformation Band T-bands that have relatively the same intensity. For the oligomeric-TPD64 that was
formed in nitromethane with FeCl3 as the oxidizing agent, small oligomers are believed
to have formed due to the intensities of the bands at 1078 cm-1 (B) and 1106 cm-1 (T), as
mentioned above.

Although in organic media the locations of the T-bands for

oligomeric-TPD64 more closely resembles that of the monomeric-TPD64, i.e., the shift to
lower wavenumbers that occurred in the aqueous media was not true in the organic
media. Two bands were present at lower wavenumbers, 847 cm-1 and 757 cm-1, which
indicates a range of pyrrole monomer repeat lengths. The products formed from the
oligomerization of TPD64 in both organic and aqueous media indicate formation of a
range of monomer repeat lengths from 2 to 7.
The TPD32 host exhibits similar IR bands as the TPD64 host when oligomerized in
various media. Figure 5.9 shows the spectra of each oligomerized TPD32 species and
TPD32 in its monomeric form.

Monomeric-TPD32 again only exhibits the T-bands

associated with the tail groups for a monomeric species at 1107 cm-1 and 766 cm-1. The
oligomeric-TPD32 prepared in aqueous media exhibits a shift to lower wavenumbers for
the in-plane CH deformations, which are found at 1085 cm-1 (T) and 1017 cm-1 (B) in pH
2 water and 1103 cm-1 (T) and 1026 cm-1 (B) in neutral water. A large difference in these
two spectra is noted for the out-of-plane deformations; the oligomeric-TPD32 prepared in
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water yields a spectrum with a strong band at 921 cm-1 (B), but at pH 2 a very broad band
centered at 749 cm-1 (B) is found. In organic media, the oligomeric-TPD32 formed
material that also exhibits a broad band at 833 cm-1 (B), but the in-plane CH deformations

749 B

1017 B
921 B

1026 B

oligo-TPD32 in nitromethane

oligo-TPD32 in pH 2 water

766 T

1107 T

1103 T

1085 T

833 B

1105 T
1076 B

are nearly identical in intensities at 1076 cm-1 (B) and 1105 cm-1 (T).

oligo-TPD32 in neutral water

neat monomeric-TPD32

1200 1100 1000 900 800 700 600
-1
Wavenumbers (cm )
Figure 5.9 FT-IR spectra (using KBr plates) of monomeric-TPD32 and
oligo-TPD32 after oxidation/reduction in various solvents with Fe3+
oxidizing agents.

From the IR data, the oligomeric-TPD32 formed in nitromethane possesses a small
amount of oligomer with monomer repeat lengths of 2 to 7. But the oligomeric-TPD32
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formed in aqueous media displays varying intensities for the in-plane CH deformations,
pointing to differences in oligomer length that are a function of pH. The oligomericTPD32 formed in neutral water has oligomers that are mainly dimers because there is still
such a strong presence of the T-band at 1098 cm-1. However, the oligo-TPD32 formed in
pH 2 water possesses oligomer units that are longer (higher monomer repeat number)
supported by the lower intensity of the T-band compared to the B-band. Also, for the
oligo-TPD32 formed in pH 2, the presence of a very broad B-band, 749 cm-1, indicates a
range of monomer repeat numbers.
Upon comparing the intensity of the bands in the IR spectrum observed for the
oligomeric-TPD hosts to the IR spectra that Zerbi2 reported for oligo(pyrroles), we can
conclude that the formation of oligomers with 2-7 monomer repeat units occurred in both,
organic and aqueous media. Small pyrrole monomer repeat numbers are evident by the
still equally intense T-bands, as discussed in Chapter 2. But it must be noted that these 3substituted pyrrole moieties are also N-substituted with a linker to the dendrimer, which
strongly influences (decreases) their rotational and translational motions. This decrease
in motion could contribute to differences in the oligomeric-TPD hosts when comparing
them to the oligo(pyrrole) systems leading to errors in the monomer repeat numbers.2
5.4

Control Experiments
Many control experiments were performed to eliminate any possible interactions

between species other than the ones involved in the actual oligomerization of pyrrole.
Triethylamine was employed to mimic the core of the PPI dendrimer. Triethylamine was
analyzed in the presence of each of the solvents and Iron(III) compounds mentioned
above. No change in absorption spectra was observed, indicating that the tertiary amine
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groups did not complex with the iron species from the oxidizing agent nor did tertiary
amines for oxidized products observable in the Visible region.
Iron(II) chloride, FeCl2, was used to determine if any background peaks in the
UV-Vis spectra were due to the Fe2+ species that forms during the oligomerization
process. It was confirmed that FeCl2 was not responsible for any of the visible bands that
formed during the oligomerization of the TPDs. The Fe2+ species was also added directly
to the TEO-PPI32 dendrimer to investigate the possibility that Fe2+ could bind to the
tertiary amines. An immediate reaction should be obvious if a metal-ligand complex
forms but no change in the absorption spectrum occurred. None of the above controls led
us to believe that the data gathered from the UV-Vis spectra were anything but the
transitions associated with oligo(pyrrole) formations.
5.5

Conclusions
It can be concluded from this chapter that the formation of oligomers around the

periphery of the TPD hosts can be accomplished through employment of various
oxidizing agents and solvent systems. The solvent system and oxidizing agent do not
seem to be significant in producing different monomer repeat lengths. All, for the most
part, seem to demonstrate the formation of monomer repeat lengths ranging from 2-7 for
both host systems, although mostly dimer and trimer formation is believed to exist after
comparisons with the IR spectra of varying monomer repeat numbers of oligo(pyrrole).2
UV-Vis spectroscopy also demonstrated the ability of the peripherial pyrrole moieties to
be oligomerized through oxidation/reduction chemistry.
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Chapter 6
Static and Dynamic Trapping of Probes with Tri(ethylene oxide)pyrrole-terminated
PPI Dendrimer Hosts
6.1

Introduction
Dendrimers have been perceived as host materials since their first debut.1 A

major aim of this dissertation was to demonstrate successful encapsulation and
subsequent release of guest molecules using TPDs as hosts. This chapter will deal with
dynamic and static trapping of guests, i.e., Nile Red2-4 and pyrene5-7 by the TPD
materials. Both of these molecules are hydrophobic probes that are extremely sensitive to
the polarity of their surrounding environment.
Absorption and fluorescence spectroscopies can be utilized to determine whether
trapping of guests within the interior of the modified dendrimer hosts is accomplished.
With absorption spectroscopy, a significant shift in probes absorption wavelength
maximum is indicative of a change in environment for the dye probe.8-10
Dynamic trapping is performed first to demonstrate the ability of the TPDs to
accommodate guest molecules within their interiors. After determining that the TPDs are
able to dynamically trap Nile Red, static trapping experiments are then investigated by
oligomerizing the TPDs with guests present followed by monitoring of guest retention
over time. In addition, subsequent controlled release of the dyes by reduction of the
oxidized oligomeric TPDs is investigated.
6.2

Optical Absorption Spectroscopy of Nile Red in Various Solvents
Nile Red (NR) dye was chosen as a guest for the TPDs so that absorption

spectroscopic measurements could be performed to monitor its uptake by the hosts.
Depending on the polarity of the medium in which it is dissolved, NR will exhibit a
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characteristic wavelength maximum (λmax) absorption band associated with the π-π*
transition.8,11 By comparing the NR λmax upon exposure to by the TPD to known λmax
values for NR in various media, a determination can be made as to the type of
environment in which NR is contained or present, i.e., polar, nonpolar, or somewhere in
between these two extremes. NR is only slightly soluble in water, which is the media that
will be employed for the trapping studies. Due to the unfavorable aqueous environment
the NR molecules will be surrounded by, the NR guests should prefer to partition into the
interior regions of the TPD hosts because that environment will be less polar the
surrounding aqueous media.
Although the λmax values for NR are known in various media,8,9 NR absorption
spectra in solvents of differing polarity were recorded here for more direct comparison to
the values obtained for NR
in the presence of the
TPDs.

By

absorption
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NR were present at 491
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NR in methanol
NR in water
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spectroscopy, as seen in
Figure 6.1, two bands for
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Figure 6.1 Absorption spectra of Nile Red in various
solvents to demonstrate its sensitivity to environment
(solvent) polarity.
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exhibits a broad absorption band ~609 nm.

Altogether, these values are in virtual

agreement to those reported in the literature and scale roughly with polarity of solvent.8,9
The presence of the two bands for hexanes has been observed in the past and is attributed
to a vibronic structure.12
6.3

Sample Preparation

6.3.1

Sample Preparation for Dynamic Trapping of Nile Red into Tri(ethylene
oxide)pyrrole-terminated PPI Dendrimers
Two methods were used to investigate dynamic trapping of NR inside the TPD

hosts. The first dynamic trapping method was chosen due to the limited solubility of NR
in water (<10-6 µM).2

To accommodate this limitation, Nile Red was dissolved in

acetone to make a stock solution of 40 µM concentration. The TPDs were dissolved in
acetone to give a concentration of 2.5 µM. From previous light scattering studies of the
TPD hosts at a low concentration (2.5 µM) in water, aggregation is negligible. In the
initial studies, a 5:1 NR/dendrimer molar ratio was used for the trapping studies.
However, it was later found that a higher dye ratio, 16:1 NR/dendrimer, could be used so
as to allow more dyes to become trapped in the TPDs. The NR and TPDs were mixed
together in acetone and allowed to equilibrate for ~24 hours in the dark under argon.
After this time, either neutral or acidified (pH 2) water was added to the sample and the
acetone was removed by argon purging, so as to yield dendrimer concentration of 2.5
µM.
Several observations were noted using this first method in either neutral water or
pH 2 water, the first being the color change of the NR solution upon changes in pH and
the addition of the TPDs. Nile Red in acetone is a very brilliant pink. Upon addition of
the pH 2 solution to such acetone solutions of NR, the color changes to light blue. When
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the TPDs are present with the NR at pH 2, the solution is a bluish-purple color. A similar
trend is seen when neutral water is used as the solvent, except upon addition of neutral
water to the NR in acetone solution a purple color is formed, while the addition of the
TPDs cause a darker purple color with a blue tinge. Once the acetone is entirely removed
by argon purging, from either neutral or pH 2 water solutions, a colorless solution
containing suspended NR particulates is obtained. When the dye begins to become
incorporated into the dendrimer, a pink color evolves and the pink color, which becomes
darker over a period of time due to the increasing concentration of dissolved guests
trapped in the soluble TPDs.
A problem discovered with this first method is the adsorption of the hydrophobic
NR dye to the surfaces of the glass containers after the removal of acetone. This lowered
the amount of dye in solution accessible to the TPDs, leading to the use of the following
second method to determine which sample preparation would be best.
The second method caused for the NR to be directly inserted into the dendrimer
water solution. To begin, a TPD stock solution in acetone was prepared. Then neutral or
acidified water was added to the TPD stock solution and the acetone removed by purging,
leaving a presumed 2.5 µM solution. Once the acetone was removed, excess NR was
added to the solution. A suspension of NR could be observed. The solution stirred
overnight. Teflon stir bars were not used because the NR will adsorb to the Teflon
coating. Once the TPD hosts begin to encapsulate NR, the previously colorless solution
becomes gradually pinker during the course of the reaction.
For the encapsulation studies, it was determined that the first method was best
after increasing the dye to dendrimer molar ratio. The second method did not show a
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sufficient loading of guest molecules into the TPD hosts. The acetone is believed to
allow the solubilized NR and TPDs to interact more efficiently allowing guest
incorporation into the TPD hosts.
All samples containing NR were stored by wrapping containers in aluminum foil
to avoid exposure to light because the dye is very photolabile.4
6.3.2

Sample Preparation for Dynamic Trapping of Pyrene into Tri(ethylene
oxide)pyrrole-terminated PPI Dendrimers
Dynamic trapping with pyrene was attempted using two different methods. The

first method was that found in literature, where in a saturated aqueous solution of pyrene
is prepared and filtered to remove solid pyrene particles.5,6 A 2.5 µM TPD64/aqueous
media (neutral water) was prepared. The TPD64 solution was added to the saturated
pyrene solution to give a ~1:50 pyrene/host ratio. This low ratio ensures only one pyrene
molecule per host can be encapsulated in order to remove any possibility of excimer
formation; excimer formation is not desired because the pyrene molecules are interacting
with one another instead of the desired TPD molecules.5
Another method for trapping pyrene into TPDs was attempted. In this case,
excess solid pyrene was added to the aqueous TPD solution (neutral water) and the
resulting suspension was allowed to equilibrate over a period of several days, after which
the solid pyrene was removed by filtration.
6.3.3 Sample Preparation for Static Trapping of Nile Red into Tri(ethylene
oxide)pyrrole-terminated PPI Dendrimers
The TPD32 and TPD64 hosts were employed in these studies at a concentration of
2.5 µM in pH 2 HCl/H2O and were prepared from a 40 µM dendrimer/acetone stock
solution that was added to pH 2 water followed by acetone removal by argon purging. A
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40 µM NR/acetone stock solution was also prepared, and a 16:1 NR/host molar ratio was
used. The TPD host in pH 2 water was added to the NR/acetone solution resulting in a
dark purple color and the solution was allowed to equilibrate in the dark under an argon
atmosphere for 24 hours, after which the acetone was removed. After the acetone was
removed the solution was left under argon atmosphere in the dark for several days to
ensure trapping of the guest molecules by the TPD. As was observed in the dynamic
trapping experiments outlined earlier, the trapping process is very slow. After ~6 days,
the NR/TPD aqueous solutions were filtered and the pink filtrate collected. This filtrate
was divided into three equal portions, each of which was used to examine the ability of
the three states of the TPD to statically trap guests – monomeric TPD, oxidized oligoTPD, and reduced oligo-TPD.
The static trapping effectiveness of the monomeric TPD was evaluated as follows.
A 1.5 mL portion of the aliquot of the NR/TPD filtrate was set aside for the initial
spectroscopy measurements and the remaining portion of the aliquot of the monomeric
TPD and NR was placed into a dialysis bag purged with argon, sealed and placed in a
dialysis chamber with 800 mL degassed pH 2 water solution as the solvent. The dialysis
bag had a molecular weight cutoff of 6000-8000 g mol-1.
The remaining portion of the NR/TPD filtrate was oxidized with Fe(NO3)3•9H2O,
producing a dark pink-purple colored solution. The oxidation was achieved by addition
of a 0.017 M Fe(NO3)3•9H2O in pH 2 water to the NR/TPD solution so as to yield a
ration of Fe3+:pyrrole of 4.5:1. The Fe(NO3)3•9H2O has been shown in this dissertation
(Chapter 5) to be effective in the oligomerization of the pyrrole moieties on the
dendrimer. This was allowed to oligomerize 30 minutes, after which the sample was
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divided into two parts. One part of this solution was used in a study of the static trapping
capabilities of the oxidized oligo-TPDs, and the other for the reduced oligo-TPDs. An
aliquot was removed for the initial measurement and the remaining portion of this
solution was subjected to dialysis using pH2 water.
To the second half of the oxidized NR/TPD solution, ascorbic acid reducing agent
was added. Ascorbic acid has been shown to sufficiently reduce the oligo(pyrrole)terminated dendrimers.4 A 28:1 ascorbic acid to pyrrole end-group ratio was used for this
study. Again, an aliquot was set aside for the initial measurement and dialysis was
performed on the remaining reduced oligomeric TPD using pH 2 water.
Each dialysis chamber was stirred and 1-mL aliquots were removed from the
dialysis bag every two hours for the first 10 hours, after which the samples were assayed
every 24 hours. Each time an aliquot was removed, the dialysate was (the surrounding
pH 2 media in the chamber) was changed and the volume was decreased by 50 mL, in
order to keep the ratio of retentate (solution in the dialysis bag) to dialysate the same
(1:56 retentate:dialysate).
6.4

Results

6.4.1

Dynamic Trapping of Nile Red with Tri(ethylene oxide)pyrrole-terminated
PPI Dendrimers
Nile Red was dynamically trapped in the TPD32 and TPD64 materials in pH 2

water media, allowing them to be categorized as hosts under these conditions. However,
the use of neutral water resulted in no observable trapping of NR. This is believed to be
due to the collapse of the TEO chains toward the TPD core, thereby “sealing” the core of
the dendrimer and preventing its access to the NR in the outside environment (solution of
NR). This shielding of the core does not allow guests to penetrate into the interior of the
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dendrimer. The other belief is the dendrimer itself collapses in neutral water as discussed
prior in Chapter 4. Light scattering has demonstrated a smaller radius for the TPDs in
neutral water compared to pH 2 water. The collapsed, smaller size of the TPD would
limit the guest molecules ability to penetrate the interior regions of the host.
The trapping process was monitored with Visible (Vis) and fluorescence
spectroscopies. The visible absorption spectra in Figure 6.2a shows the time-dependent
progress of NR trapping by TPD64 in pH 2 water. It can be seen that the t=0 spectrum for
NR and TPD64 exhibited a higher wavelength maximum at 609 nm, indicating a polar
microenvironment for the NR. This is similar to that found for NR in neutral water, and
such a value indicates that the NR has yet to partition into the TPD interior upon initial
mixing of TPD with NR. After one day, a noticeable blue shift to 527 nm is found,
pointing to a semi-polar microenvironment for NR; there is no significant increase in the
intensity of the NR absorption. Over a period of four days the absorption band at 527 nm
has gradually increased in intensity, so by the fourth day, 2 dyes per TPD64 host have
been encapsulated.

This level of guest loading was calculated using the molar

absorptivity values discussed in Chapter 2 and the [TPD].
Control experiments were performed with NR in various media. Triethylamine
(Et3N) was used to mimic the tertiary amine interior regions of the TPD.

Also,

tri(ethylene glycol) monomethyl ether (MTEG) and tri(ethylene glycol) dimethyl ether
(M2TEG) were used to study the periphery groups on the TPDs. The absorption bands
for NR in each solution are reported as MTEG, 545 nm; M2TEG, 532 nm; and Et3N, 506
nm. This indicates that the NR guests are most likely in the interior host regions.
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Fluorescence spectroscopy studies were also performed the encapsulation of NR
by the TPD64 host in pH 2 water.

As seen in Figure 6.2b, a gradual decrease in
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Figure 6.2 Encapsulation of Nile Red by TPD64 in pH 2
water over a period of four days; a. Absorption spectra and
b. Fluorescence spectra – excitation at 585 nm.
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fluorescence intensity is observed with time, even though Vis absorption spectroscopy
above demonstrates an increase in the number of guest molecules in the TPD64 over the
four-day period. The decline in fluorescence intensity is attributed to either the selfquenching of the NR molecules (due to the restricted volume in the interior of the host
that causes the NR molecules to be in close proximity to each other) or NR fluorescence
quenching caused by the tertiary amines in the interior of the dendrimer.13 Control
experiments for fluorescence of NR in Et3N, MTEG, and M2TEG were performed as
before with the absorption measurements. NR in the presence of the TEG chains was
significantly enhanced for this probe molecule. Although the fluorescence intensity of
NR in Et3N (at the same concentrations of 5 µM and 10 µM ) was greatly decreased,
which is due to the quenching of fluorescence induced by the tertiary amine groups. This
decrease in fluorescence intensity is also observed with the NR encapsulated within the
TPD hosts, which supports the conclusion that the NR molecules are located within the
interior of the TPD hosts.
The TPD32 host was also utilized as a possible vehicle for encapsulation of NR in
acidic (pH 2) water. In Figure 6.3a are the absorption spectra for the trapping of NR by
TPD32 over a period of four days. Again, the initial measurement shows only the NR
present in the aqueous medium. After one day, a visible band at 522 nm appears,
signifying a change in the microenvironment polarity of NR, which would indicate
hosting of the dye has occurred. The intensity of the NR band increases to its maximum
at 4 days, leading to a maximum of 1 dye per TPD32. This lower hosting number for the
TPD32 is not necessarily surprising, considering the hosting volume should be smaller
than the TPD64 and based on pure TPD32 in pH 2 water size differences, is what would be
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Figure 6.3 Encapsulation of Nile Red by TPD32 in pH 2
water over a period of four days; a. Absorption spectra and
b. Fluorescence spectra – excitation at 585 nm.

expected. There is an uncertainty in calculating the amount of NR dye per dendrimer
(TPD32 and TPD64), the calculation uses the initial concentration of dye and assumes that
all of the dye has been incorporated into the interior of the dendrimer.
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The fluorescence spectra remained relatively unchanged from day 1 to day 4 with
some discrepancy at day 2, see Figure 6.3b. Because only 1 dye per dendrimer is being
encapsulated after 4 days exposure of NR to TPD32 this could be the reason the
fluorescence intensity is not showing a decrease from self-quenching of NR (as the
TPD64 exhibited).
6.4.2

Dynamic Trapping of Pyrene with Tri(ethylene oxide)pyrrole-terminated
PPI Dendrimers
Pyrene was another probe that was used to investigate encapsulation by TPDs in

order to obtain another measure of the polarity index of the TPD interior.

The

fluorescence spectra obtained did not show a change in the polarity index (IIII/II) for
pyrene/TPD64 in neutral water compared to pyrene in neutral water, 0.51.14 These results
indicated that trapping of pyrene into TPD64 was not accomplished.
6.4.3

Static Trapping of Nile Red with Tri(ethylene oxide)pyrrole-terminated PPI
Dendrimer Hosts
The possibility of static trapping of Nile Red was evaluated through

oligomerization of the pyrrole end groups of the TPD hosts. That is, it was to be
determined if the oligomerization of the pyrroles to oxidized oligo(pyrroles) aids in the
retention of guest molecules compared to the reduced oligo(pyrroles) or monomeric
pyrroles. One would expect the monomeric-TPDs and reduced oligomeric TPDs to
exhibit a faster release of the guest molecules versus the oxidized oligomeric TPDs
because guest motion should be relatively unhindered. The TPD32 and TPD64 hosts were
used for these studies in pH 2 water with NR guests. Fluorescence measurements were
taken at various increments over a period of several days. The data is reported in
percentage of NR still available in the host molecules.
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In Figure 6.4, the release profile of NR for TPD32 is shown. Evaluation of the
percentage of NR still present at various time points, it is apparent that the differences in
the retention capabilities of the monomeric, oxidized, and reduced forms of TPD32 are
negligible. Within 27 hours, effectively all of the NR has been released from the TPD32
host for all forms of the pyrrole periphery.
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Figure 6.4 Release profile of the percent of NR remaining in the
monomeric, oxidized, and reduced TPD32 host species over certain
intervals of time.

The NR release profile for the TPD64 host is significantly different than that of the
TPD32 host, Figure 6.5. First, with the TPD64 host molecule, it took up to 48 hours before
all of the NR dye was released from each of the three species. The slow release of NR
with the TPD64 versus that of the TPD32 hosts is most likely an effect of the more
sterically hindered periphery of the larger generation modified dendrimer.

Another

difference in these two hosts is the ability of the oxidized oligomeric-TPD64 to retain
more NR over the intervals of time than the monomeric or reduced oligomeric species.
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This profile is more of what would be expected, although the ideal profile would show no
release of the guests from the oxidized-TPDs. The ability of the TPD64 to retain more
guests in the oxidized oligomeric state is its ability to form longer monomer repeat
numbers than the TPD32, which aids in the retention of guests.
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Figure 6.5 Release profile of the percent of NR remaining in the
monomeric, oxidized, and reduced TPD64 host species over certain
intervals of time.

The TPD64 seems to have a higher binding affinity for the NR than the TPD32,
which is evident when comparing the two hosts in their monomeric states. After two
hours, the monomeric-TPD32 has ~20% NR remaining trapped, while the monomericTPD64 still has retained ~38% of the NR. The NR guests exit the TPD32 host very
quickly pointing to the fact that the NR does not have an affinity for this host.
It should be noted that the large drop in NR concentration from the initial
measurement (t=0) to the 2 hour measurement, is partly from the NR dissolved in the

117

surrounding aqueous solvent, which is totally removed by dialysis after 2 hours. A Nile
Red in pH 2 water solution was prepared and dialysis performed, in the same manner as
reported previously. The initial fluorescence intensity of the NR at pH 2 was 0.2 versus
2.0 at t=0 for TPD64/NR in pH 2 water.
The λNR for TPD32 in pH 2 was located at 522 nm compared to 527 nm in the
TPD64 host. Initially, it would seem that the NR is located further in the interior regions
of the TPD32 due to the absorbance shift, which indicates a more hydrophobic
environment for NR than is experienced in the TPD64 host. Although from static trapping
experiments it is seen that the NR guests are retained longer in the TPD64 host, which
leads to the belief that the guest are docked in the interior regions of the dendrimer host
and that the guests are retained longer due to the steric bulk of the peripheral end groups.
The two interiors of the dendrimer hosts (TPD32 and TPD64) could indeed have different
polarity interiors; one reason being that some backfolding of the end groups on the
dendrimer could be occurring, which would allow the host to reflect a slightly polar
environment due to the TEO end groups.
6.5

Conclusions
The TPD32 and TPD64 hosts have been shown to possess the ability to encapsulate

a hydrophobic guest molecule (Nile Red) through dynamic and static trapping
mechanisms. The TPD64 host has the capacity to encapsulate more guest molecules
within its interior locations than the smaller TPD32 host. The TPD64 host also has the
ability to retain the guest molecules over a longer period of time, at 48 hours 25% NR
still trapped in oxidized oligo-TPD64, compared to after 27 hours only 5% NR remained
trapped in the oxidized oligo-TPD32. Overall, the ability of the TPDs to host guest
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molecules has been shown and with further work on sample preparation and utilizing
other types of guest molecules, the hosting abilities can be enhanced. Other solvents,
organics, could also be employed for the oligomerization process to possibly enhance the
pyrrole monomer repeat number around the periphery of the TPDs in order to form a
more rigid structure for trapping guests.
6.6
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Chapter 7
Outcomes, Conclusions and Future Studies
7.1

Research Outcomes and Conclusions
This dissertation reports for the first time the synthesis of a water-soluble, redox-

responsive poly(propylene imine) dendrimer host for small molecule guests. The PPI
dendrimer was successfully modified with a tri(ethylene oxide)-terminated pyrrole via an
alkane linker chain. This synthesis route also yielded several new 3-substituted pyrrole
molecules that are currently being used in polymerization studies in the McCarley group.
Characterization of the new redox-responsive dendrimer host was carried out with an
array of structural evaluation techniques including MALDI-MS, NMR, light scattering,
UV-Vis spectroscopy, and fluorescence spectroscopy.
Surprising characteristics of the redox-responsive hosts were determined from
light scattering studies of their aqueous and non-aqueous solutions. The TPD hosts have
the tendency to aggregate in various solvent systems, especially aqueous media. The
TPD aggregation is observed less in organic solvent systems, with predominantly
monomeric-sized material found in solution. The light scattering studies indicate that
many factors, including temperature, solvent system, and time, effect the aggregation of
these host molecules. It is concluded that intermolecular forces between dendrimers is
the driving force for aggregation, caused by the presence of the ethylene glycol
solubilizing group on the pyrrole moieties of the dendrimer hosts. The use of low
concentrations of the redox-responsive hosts in aqueous media allows for the production
of solutions containing only monomeric material.
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Oligomerization studies were employed to determine if the pyrrole moieties at the
dendrimer periphery maintained their ability to undergo redox reactions, including
oligomerization.

The oxidizing agents used were Fe3+ salts in aqueous and organic

solvents. With these oligomerization studies, it was found that the pyrroles were able to
oligomerize intramolecularly around the dendrimer periphery.

By utilizing infrared

spectroscopy, it was determined that there was not a large difference in the spectra for the
TPDx oligomerized in aqueous or organic media. From comparisons of the infrared
spectra of model N-substituted oligo(pyrroles) of known monomer repeat number, it was
concluded that the monomer repeat numbers for the oligomerized TPDs was between 2-7,
with dimers and trimers being the predominant species present. However, this conclusion
was drawn as the result of comparison between the model N-substituted oligo(pyrroles)1
and the TPDs terminated with pyrroles modified at their 3- and N-positions.

The

chemistry for production of 3-substituted pyrroles is not yet fully explored, and this has
limited the literature available for interpretation of the infrared spectra of these
molecules.
Once it was determined from LS the concentrations at which the TPDs would not
aggregate in aqueous media, encapsulation studies were begun. Successful encapsulation
of a hydrophobic guest, Nile Red, was accomplished with the TPD32 and TPD64 hosts
through dynamic and static trapping techniques at TPD concentrations of 2.5 µM in
aqueous media at pH 2 that lead to solutions with only TPD monomer (no aggregates). It
was found that TPD64 performed better in the trapping of guest molecules, having the
ability to retain 2 guests/host, while the TPD32 encapsulated ~1 guest/host. Also, the
guest loading for each TPD was found to be time dependent. This loading of guest into
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the TPD hosts is most likely due to steric constraints around the periphery of the TPDs
caused by the TEO chains. After demonstrating the ability to encapsulate guests in
aqueous media, static trapping studies were explored.
Static trapping of guests (Nile Red) was accomplished by oxidation of the pyrrole
moieties at the TPD periphery in a pH 2 aqueous solution containing the Nile Red. Ideal
results for static trapping of guests were not obtained, which would have been the total
retention of guests by the oxidized oligo-TPD host over time; however, the oxidized
oligo-TPD64 did show a slower release profile than its TPD32 host counterpart. The
TPD64 host was able to retain the Nile Red guests over a period of 2 days. There was not
a significant difference in the release profiles for the three pyrrole species of the TPD32 in
the monomeric, oxidized oligomer, and reduced oligomer states. However, the various
forms of TPD64 showed a significant difference in its ability to retain guest molecules.
The monomeric and reduced oligomeric TPD64 species exhibited a slightly faster guest
release profile than the oxidized oligomeric-TPD64. Although the NR release profiles for
the three TPD64 materials exhibited a slight difference, all three TPD64 materials showed
no remaining guest after 3 days. This leads to the belief that the steric bulk around the
dendrimer periphery plays a major role in the trapping and release of the guest molecules.
No encapsulation of NR could be obtained for the TPD32 or TPD64 host in neutral
water. This is due to the collapse of the dendrimer upon itself in water,2 which was
apparent from the light scattering studies that yielded a smaller hydrodynamic radius for
TPD64 in neutral water, ~1.4 nm, than in pH 2 water, which was found to be 3.2 nm. At
pH 2, the interior amine regions of the TPD64 host are protonated, which produces a
charge repulsion allowing the dendrimer to be in a more expanded conformation.2 This
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expanded conformation permits guest molecules to penetrate the interior regions of the
dendrimer. To the author’s knowledge, this is the first experimental confirmation of this
theoretically predicted pH-dependent size change for PPI dendrimers.
This dissertation has demonstrated the successful modification of the periphery a
PPI dendrimer with a TEO-pyrrole moiety that has the ability to trap guest molecules
within the interior regions of the TPD through static and dynamic mechanisms. The
TPD64 molecule has demonstrated a phenomenon for PPI dendrimers that to our
knowledge has only been a theory, showing the hydrodynamic radius change of the TPD
in neutral and pH 2 water. Also supporting the nature of the dendrimer to collapse and
expand upon pH changes was the ability of the host to successfully encapsulate guests in
pH 2 water but not for neutral water. This molecule possesses many unique properties
and is a promising host for future encapsulation/release studies of various guest
molecules in aqueous media.
7.2

Future Studies
The TPD hosts have very unique properties that need to be probed further through

extensive characterization and encapsulation studies. The aggregation behavior of these
host molecules should be studied more to determine the main factor influencing this
effect and if or how this aggregation may be controlled better. By understanding and
controlling the aggregation more accurately, the encapsulation process would benefit
extensively, and higher concentrations of dendrimer could be employed. In using higher
concentrations of TPD, the concentration of trapped guests present in solution would also
increase, making the use of techniques, such as NMR, easier to perform. NMR could be
used to determine the relaxation measurements of the guests, which would allow a better
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understanding of the relationship between the guests trapped in the TPD hosts, i.e. are the
guest molecules hindered by the host or freely rotating molecules?
The aggregation and collapse behavior of the host plays an integral role in the
trapping and release process. Enhancing the ability to expand these molecules to their
extended form would allow an easier pathway for guest encapsulation by relieving some
of the steric hindrance caused from the collapsing of the host onto itself. If indeed the
steric bulk is the main issue hindering more guest encapsulation, one benefit may be to
only terminate the periphery with a 50% modification of TEO chains in order to control
the end group population. This may also allow better oligomerization of the pyrroles,
giving them more freedom to interact with one another instead of being hindered
themselves.

Another tool would be to perfect the sample preparation method for

encapsulation, perhaps employing a different solvent (besides acetone) so as to give a
better expanded conformation of the dendrimer for the initial trapping process.
Diffusion-ordered spectroscopy (DOSY) NMR would be another tool for
enhanced characterization of the hosts. DOSY NMR was performed on the molecules at
hand in aqueous solution only to find that the NMR instrumentation available to the
author did not possess the sensitivity needed to conduct these experiments. A 700 MHz
NMR with cryoprobe is now available at LSU that has the ability to examine the host at
very low concentrations (µM) for determination of diffusion coefficients. This data can
then be compared to the light scattering data, to determine whether the data agree if
monomeric or aggregated materials exist DOSY NMR could also be used to determine
whether the dye molecules are entrapped in the host, and if so, whether the dyes are free
to rotate or are hindered by the host.3
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Light scattering studies can also be employed to study the effect of
oxidation/reduction on the oligo(pyrroles).

It should be determined if intra- and/or

intermolecular interactions are occurring between the pyrrole periphery of the dendrimer
molecules and to what extent. If intermolecular interactions occur between dendrimers,
this will cause large aggregates and would interfere with the true nature of the trapping
and release mechanisms by TPD hosts exhibiting intramolecular interactions.
To probe more deeply the properties of the TPDs, different guests with varying
properties should be utilized. Some probes include Rose Bengal,4 an anionic guest, that
would be attracted to the host in its cationic conformation; a neutral guest, such as Phenol
Blue that has already shown ability to be encapsulated by the PPI dendrimer;5 or
Doxorubicin,6,7 a known anti-cancer drug. The delivery of hydrophobic drugs is a major
motivation behind this type of host system due to the difficulty associated with delivery
of these hydrophobic molecules.6,8
Molecular modeling of this host is also important to determine the cavity volume
of the oxidized and reduced oligomeric species to ascertain how large of a volume
difference, if any, there are of these molecules. By measuring the cavity volume, it can
be better understood approximately how many guests the hosts are able to accommodate
within the interior regions.
Also to be studied would be the oligomerization process of the pyrrole moieties.
It has been determined that the host has redox capabilities, but to what extent is not
exactly known.

The characterization of 3-substituted pyrroles and their oligomer

derivatives should be carried out by a combination of techniques including UV-Vis
spectroscopy, FT-IR, and MALDI-MS.

This study would especially be useful if
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controlled monomer repeat number could be achieved, allowing infrared spectroscopy
comparisons to be made between oligo(pyrrole) derivatives1 and the 3-substituted
oligo(pyrroles).
Another interesting discovery with the TEO-pyrrole monomers was their ability to
form micelles in aqueous solution. This micelle formation could be further investigated
to determine the properties of the micelles, i.e. the number of molecules that form a
micelle, the main contributor to micelle formation, and the effect this phenomenon has
once the molecule is attached to the dendrimer. For example, this may be the reason why
the TPDs tend to aggregate in aqueous solutions, and why this aggregation is time
dependent.
Possibly one of the most important observations was that of the collapsed,
aggregated host dendrimer in neutral water and the expanded, monomeric host at low pH.
This is a very important analysis of dendrimers.

Correlation studies consisting of

encapsulation, light scattering, and UV-Vis experiments need to be performed in order to
show this phenomenon more clearly.
Much work is needed to fully understand these TEO-pyrrole-modified PPI
dendrimer hosts. They have shown the ability to trap guest molecules in aqueous media,
which makes them a remarkable host molecule.

Understanding the nature of these

systems is of great importance.
Toxicity studies on the TPDs are also necessary to ensure that the hosts are not
toxic to human cells.

Cationic dendrimers are known to be cytotoxic due to the

interactions with the negatively charged cell membranes,9 so such toxicity studies are of
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utmost importance for the TPDs. This is yet another reason to enhance guest uptake by
the TPDs in neutral water, i.e. neutral dendrimer host.
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